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Abstract
Venus Express is the first European mission to Venus and will help to answer questions
such as: What governs the escape processes of the atmosphere? How did it end up with
the atmospheric state it’s currently in? What role does the green-house effect play on
Venus? These are important questions for the evolution of Earth.
The solar minimum in 2009 was one of the lowest on record, and by 2006 minimum
conditions were already in place. Utilising the Analyser of Space Plasma and Energetic
Ions (ASPERA-4) Ion Mass Analyser (IMA) and the paired magnetometers on board
Venus Express the relation between the ions and flux ropes are examined. First, by
using the magnetometer to identify the flux rope in the ionosphere and then by using
the IMA to point out interesting coincidences. The altitude of ropes are dependent on
the time spent in the ionosphere; the ropes which had been in the ionosphere longer
had an increased weight. However, the occurrence of flux ropes and a high and low
energy populations of ions is coincidental.
Venus has no substantial magnetic field and thus it currently it has no barrier to solar
wind scavenging of the atmosphere, despite which the atmosphere on Venus is dense.
Flux ropes are investigated to determine whether they a part of the replenishment or
loss of atmosphere. Venus boundaries are examined during 2007, and 2011 / 2012
going toward solar maximum. A new use of the transition parameter is put forward; to
aid with boundary placement. The bow shock is located with an automatic algorithm
and this is then compared with previous models, giving a sense of Venus reaction
to solar activity. It is shown that the bow shock position is largely unchanged. The
ion composition boundary and the magnetic pile-up boundary are also located. They
coincide to within one IMA accumulation period, but the Ion Composition Boundary
(ICB) is in general inside the Magnetic Pile-up Boundary (MPB).
Finally, solar transients at both solar minimum and solar maximum are investigated
to see whether they increase the loss rate. During solar minimum the passage of comet
2P/Encke, and of two Coronal Mass Ejections (CME) and a co-rotating interaction
region were investigated. In solar maximum three potential CMEs are selected using
the WSA-Enlil solar wind prediction model and then the real data are compared to
Enlil predictions. It is found that when the comet 2P/Encke was in the vicinity the
concentration of high energy ions, especially oxygen, was raised. CMEs interacts
with the Venus magnetosphere to add heavier ions to the solar wind.
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CHAPTER1
The Venus Environment
Figure 1.1: The Venus transit as it moves across the Sun (on 2012-06-05). This image
captured by Japan’s satellite Hinode. Credit: JAXA/NASA/Lockheed Martin
Venus, Mars and the Earth are similar in size, mass and in distance from the Sun, and
thus should be similar in other aspects as well, but they could not be more different.
Mars is cold with a thin atmosphere. Earth is wet and temperate; Venus is hot with a
thick atmosphere, slow-spin and retrograde motion. Once Venus was thought of as a
1
1.1. THE SURFACE
sister planet, then the ‘evil twin’ (Taylor, 2010) with temperatures reaching in excess
of 730K and 95 bar pressure at the mean surface (Seiff, 1983) and the atmosphere
containing high amounts of CO2 (carbon dioxide) and SO2 (sulphuric dioxide).
During the 1761 transit of Venus, Mikhail Lomonosov observed a thin luminescence
around a portion of the disc during the initial phase. The illuminated section sur-
rounded the portion of the disc that was not yet in front of the Sun. From this observa-
tion he inferred that such a phenomenon could only be explained by the refraction of
light from a sufficiently thick atmosphere (Marov, 2004).
1.1 The Surface
Venus has a similar composition to the Earth but differs in geodynamics. Whilst the
Earth has plate tectonics to facilitate exchange of volatiles from the interior to the
atmosphere, Venus has possible volcanism and re-surfacing (Veronique et al., 2012)
producing large amounts of SO2 (sulphuric dioxide) and H2SO4 (sulphuric acid). Plate
tectonics cool the interior of the planet which is required for a magnetic field. Venus
has little carbon in the crust (carbonate rocks) so it has its carbon in gaseous form and
with no photosynthesis and no liquid water to lock away the carbon, the Greenhouse
effect is stronger.
1.2 The Atmosphere
The atmosphere is comprised of 96% CO2 and only 3% N2 and the other 1% is a
mixture of SO2, argon (Ar), water vapour, carbon monoxide (CO), helium (He) and
neon (Ne).
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The upper atmosphere covers the region which has pressure <0.1 mbar; the middle
atmosphere, the region which covers 0.1 bar to 0.1 mbar. The height of the the 100
mbar is the mesopause level, at ∼ 95 km. The lower atmosphere is the region which
covers the surface (∼ 100 bar) to 0.1 bar, close to an altitude of ∼ 64 km, which is the
approximate top of the clouds. The main cloud deck is 45 - 70 km (Esposito et al.,
1983) in 3 layers with thinner hazes above and below, the extent of which is up to 90
km and has a lower boundary of ∼ 30 km (Donahue and Russell, 1997). The clouds
are composed of S (sulphur), SO2 (sulphuric dioxide) , H2S (hydrogen sulphide) and
H2SO4 (sulphuric acid).
1.3 Ionosheath and the Ionosphere
The ionopause separates the ionospheric thermal plasma from the hot, magnetised
magnetosheath plasma. At the subsolar point of the ionopause a stagnation point
occurs, where the velocity of the plasma flow is significantly reduced. At this point the
concept of frozen-in flux does not apply, due to plasma being depleted in front of the
obstacle and the magnetic field increase (Cloutier et al., 1981). The lower ionosphere
is formed by EUV ionisation of CO2 to CO + O ((1.1)). O+2 is the prevailing ion
species up to 200 km where O+ becomes the major species. Figure 1.2 is a sketch
summarising the ionosphere observation and the processes inferred from them.
1.3.1 Production
Atomic oxygen is produced in the upper, dayside atmosphere due to photodissociation
of CO2 (Lammer et al., 2006).
CO2 +hv = CO+O (1.1)
3
1.3. IONOSHEATH AND THE IONOSPHERE
Figure 1.2: Sketch summarising the ionosphere observation and the processes inferred
from them. The scale of the ionosphere has been expanded by a factor of about 3
relative to the other regions (Brace et al., 1983).
This reaction is especially important above 120 km. At altitudes above 170 km O
atoms become the main atmospheric constituent. Other species are also produced in
this region by photochemical reaction:
H2O+hv = OH+O = O+H+H (1.2)
HCl+hv = H+Cl (1.3)
SO2 +hv = SO+O (1.4)
The incoming flux of solar photons could provide such energy (Lewis, 1995). Impor-
tant reactions for the formation of O+ are:
CO+2 +O = O
++CO2 (1.5)
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CO+2 +O = O
+
2 +CO (1.6)
O++CO2 = O+2 +CO (1.7)
O+ is the most abundant ion between approximately 120 km and 170 km. Little infor-
mation is currently available regarding the replenishment of the Venusian atmosphere.
1.3.2 Loss
Due to the lack of intrinsic magnetic field, the majority of the exosphere resides in
the shocked solar wind flow. The interaction of solar radiation and particle flux with
the unprotected planetary environment causes loss of hydrogen and oxygen. These are
the most influential losses to effect atmospheric escape from the Venusian ionosphere
(Lammer et al., 2006). The action of plasma flow introduces the loss of ionised
exospheric components through photoionisation, charge exchange and electron impact
ionisation. The flow also reacts with the top ionospheric layers, forming plasma
clouds, tail rays, filaments, ionospheric holes and causing atmospheric sputtering.
Other loss processes include thermal loss and acceleration of atomic hydrogen.
Pick-Up
The ionosphere is located where the solar wind dynamic pressure and the ionospheric
thermal pressure are approximately balanced, an altitude of ∼ 300 km (Phillips et al.,
1985). The ionosphere is formed by the ionisation of neutral atmospheric atoms
or molecules. It separates the thermal ionospheric plasma and the hot, magnetised
magnetosheath plasma and at the moment of ionisation they are accelerated by the
electrons and magnetic forces association with flowing magnetised plasma (Luhmann
and Bauer, 1992a). The escape flux by thermal acceleration is negligible, but thermal
particles can reach high altitudes via ballistic trajectories and the atoms can be picked
up by the solar wind plasma flow. At the moment that atmospheric neutral atoms (or
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molecules) in the region of solar wind plasma are ionised, they will be accelerated by
the electric and magnetic forces associated with flowing magnetised plasmas. Pick-
up ions may be accelerated in several ways: Photoionosation, change exchange with
solar wind protons and impact ionosation by collasion with solar wind electrons.
However this production method is negliable (Luhmann, 1995a). Pick-up ions may
be accelerated by acceleration by the convection electric field:
Esw =−vsw∧Bsw (1.8)
where Esw: electric field of the solar wind
vsw: velocity solar wind
Bsw: magnetic field of the solar wind
The escape of pick-up ions is limited by the hemisphere towards which the convection
electric field is directed (Luhmann, 1986) as shown in Figure 1.3. Approximately 90%
of O+ ions created above the ionopause by photoionisation are picked up by the solar
wind, however, their gyroradii in the solar wind is small enough that they re-impact on
the upper atmosphere.
Sputtering
Sputtering is caused by atmospheric re-entry of particles gyrating around magnetic
field lines frozen into the solar wind plasma. Luhmann and Bauer (1992b) state
that the pick-up O+ that re-impact on the ionosphere gain enough energy prior to
re-entry to knock out significant amounts of neutral O from the upper atmosphere.
The energy gain of pick-up ions depends upon where in their trajectory they impact
the atmosphere; which depends on the gyroradius of the ion species. The number flux
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Figure 1.3: Pick-up ions at Mars and Venus from Luhmann and Bauer (1992b)
showing the antisymmetry of the motion.
of escaping neutral O should exceed the escape flux of O+ escaping directly into the
ionotail (Luhmann and Bauer, 1992b). This is the only process for the neutral O to
escape from Venus (Lammer et al., 2006).
The Nightside Ionosphere and Ionotail
Data from Pioneer Venus Orbiter ORPA showed a mostly anti-sunward flow of atomic
ions from the dayside ionosphere to ∼150◦ SZA (solar zenith angle). In the dusk
sector heavy ions such as O+ and O+2 have a greater concentration than other sectors
of the nightside. Lighter ions, H+, D+ and He+, are more prevalent in the pre-dawn
sector at around 4am local time. The densities appeared to increase during periods of
high solar activity, correlating to the F10.7, which was ascribed to an increased rate of
ion production in the dayside (Fox and Kliore, 1997). Both of these methods may be
important in the production of pick-up ions.
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The Venusian night lasts for the equivalent of 58 Earth days and the detection of
an ionosphere was somewhat surprising. It was thought that during the long period
without EUV input to continue ionising the plasma, the ions would recombine. Two
mechanisms are now considered significant in maintaining the nightside ionosphere;
transport of atomic ions from the dayside, mostly O+ (Donahue and Russell, 1997;
Wood et al., 2012), and precipitation of suprathermal electrons from an unknown
source (Fox and Kliore, 1997). It was suggested that the ion production would result
when these electrons precipitate onto the nightside thermosphere but as they were
detected at high altitudes it is unclear what fraction would penetrate down as far as the
thermosphere. Auroral emissions of atomic oxygen at 1304 and 1356 angstroms was
evidence that suprathermal electrons did reach down into the atmosphere.
Filaments, Tail Rays and Detached Plasma Clouds
The nightside transport of ions may also be a source of ion loss. Turbulence in the
regions where the solar wind and ionospheric plasma interact can produce instabilities
such as Kelvin-Helmholtz waves. These instabilities arise from the velocity shear of
the two plasma regions flowing past each other with different speeds (see Figure 1.4).
It is anticipated that these instabilities would only act across the terminators (where
day turns to night) where the shear is greatest. Ionospheric plasma would be seen en-
trained in the downstream solar wind flow if these instabilities were truly in operation.
Such entrainment does exist with some ions reaching sufficient energies to escape the
ionosphere completely and form detached ionospheric clouds. These features are often
associated with magnetic current sheets and as such Kelvin-Helmholtz involvement is
not assured (Luhmann and Bauer, 1992b). It has been observed that in the wake region
a rapidly varying structure exists with both detached plasma clouds and filamentary
protrusions extending downstream (Donahue and Russell, 1997)
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Figure 1.4: Diagram to show Kelvin-Helmholtz instabilities, the terminator is where
the flux ropes are suggested to be formed as put forward by Wolff et al. (1980) and
Cloutier et al. (1983)
1.4 Flux Ropes at Venus
Figure 1.5: Inferred structure of a flux rope Russell (1990)
As a rule there are no large-scale magnetic fields in the ionosphere of Venus, although
brief excursions from the background field do occur. These excursions are not fluctua-
tions in the ionopause but are due to the formation of twisted flux ropes (Russell, 1990).
A flux rope is a filamentary structure of twisted magnetic flux (Figure 1.5). They are
cylindrically symmetric, with a central magnetic field directed parallel to the tube’s
axis. The field becomes weaker and more azimuthal with increasing distance from this
axis. Each structure was sampled for a few seconds as Pioneer Venus Orbiter (PVO)
moved through them, indicating that they have a scale diameter of only a few tens of
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kilometres at most (Elphic and Russell, 1983b). The flux ropes were observed to be
of the order of tens of nanoTesla’s separated by nearly field-free plasma. However,
magnetic structures that occur near the ionopause must be carefully examined as they
are not necessarily flux ropes, they may be an artefact of a relaxing and contracting
ionopause. Luhmann and Cravens (1991) found that the orientation of flux ropes bears
no apparent relationship to that of the overlying magnetosheath field.
1.4.1 How Flux Ropes Are Created
Several theories for the formation of flux ropes have been suggested. One such is by
Kelvin-Helmholtz instabilities at the ionopause boundary put forward by Wolff et al.
(1980) and Cloutier et al. (1983). This method would not be suited to formation of
flux ropes near the subsolar point as there are no shear flows in this region, but may
be applicable nearer the terminators. In the subsolar region a method of mass loading
had been proposed by Russell (1990). At the ionopause boundary magnetic flux tubes
of the magnetic barrier float on the heavy ionospheric plasma. Photoionisation of
exospheric oxygen ions within the tubes weigh them down. These ions continue to
build up in density as convective flow in the subsolar magnetic barrier is very weak
(unlike in the ionosphere where newly created ions would just be incorporated into the
plasma and drift downward in altitude). Therefore, flux tubes become heavy enough
to sink into the ionosphere.
1.4.2 Occurrence and Distribution of Flux Ropes
Flux ropes are fairly common with PVO recording 70% of ionospheric passes showing
the presence of flux ropes (Luhmann and Cravens, 1991). Altitude profiles of magnetic
fields show that at high altitudes flux ropes have a separation between them. Lower
in the ionosphere flux ropes appear to occur closer together. At high altitudes flux
ropes are most prevalent at the terminators, whilst at lower altitudes flux ropes occur
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most frequently close to the subsolar point. The altitude of maximum occurrence
at low SZA is 165 to 170 km. Below this altitude occurrence reaches a minimum
since increasing neutral densities preclude the formation of flux ropes. During periods
of high solar wind dynamic pressure, the dayside subsolar ionopause is depressed to
altitudes of∼250 km (Zhang et al., 2006a). Under these circumstances the ionospheric
magnetic field is a large-scale, horizontal feature, and, in general, precludes the for-
mation of flux ropes. In the reverse situation, when solar wind dynamic pressure is
lower, the ionopause ascends to altitudes of ∼300 km at the subsolar point, but at
the terminators it may extend as high as 900 to 1000 km altitude (Zhang et al., 2006a;
Phillips and Russell, 1987). The lack of flux ropes in the low altitude terminator region
has been attributed to ionospheric flow being aligned more to an anti-sunward direction
than downward.
Figure 1.6: Altitude profiles of 3 sample orbit from PVO (Russell, 1990) with
increasing solar wind dynamic pressure and decreasing ionopause altitude. (a) low
solar wind pressure, high altitude ionopause. (b) intermediate pressure and altitude. (c)
high solar wind pressure, low altitude ionopause. Points being electron densities and
the lines are magnetic magnitudes. The altitude of the ionopause is a direct response to
the pressure balance between the solar wind dynamic pressure and ionospheric thermal
pressure. Low solar wind dynamic pressure leads to the formation of an ionopause
above 300 km and a width of ∼ 20 km (typical of solar maximum) whereas high
pressure leads to a weaker, diffuse (width of ∼ 80 km) ionopause.
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Near the terminator, the axes of low altitude ropes have a random orientation with
respect to the local horizontal, whilst higher up in the ionosphere ropes tend to be
exclusively horizontal. Subsolar ropes are horizontally aligned with respect to the the
surface and high in the ionosphere becoming vertical at lower altitudes. This indicates
that subsolar ropes are formed horizontally and as they sink and twist they become
subject to kink instabilities. Under these circumstances the ropes form into helices,
which could explain why the volume of the ionosphere filled with flux ropes increases
with decreasing altitude. The process of kink unstable flux ropes forming into helices
can be compared to the mundane example of twisting an elastic band. The structure
is essentially 2-dimensional throughout the twist until it reaches a critical level of twist.
The ionosphere is a conductive fluid and to obeys the equations of magnetohydro-
dynamics (MHD) for the conservation for mass, momentum and energy. The main
equations are:
J = ∇∧ B
µ
(1.9)
ρdudt =−∇p+ J ∧ B +ρg (1.10)
The force balance equation is:
J∧B−∇p+ρg = 0 (1.11)
There is no contribution from the magnetic force and so the equation simplifies to the
hyrdostatic balance between the pressure gradient and gravity. In flux ropes where it
is thought that magnetic pressure dominates the equation simplifies to J∧B = 0 and
the field are said to be force-free: J = ∇∧ Bµ0 (Priest, 1995).
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1.5 Magnetic Regions
The region between the ionosphere and the bow shock is referred to as the mag-
netosheath (Zhang et al., 1991). The magnetosheath magnetic field displays large
fluctuations in direction and turbulent plasma.
At the inner edge of the magnetosheath (ionosheath) there is another plasma bound-
ary, the Magnetic Pile-up Boundary (MPB) separating the magnetosheath from the
Magnetic Pile-up Region (MPR). The transition between the magnetosheath and the
MPR is characterised by a sharp gradient in magnetic field magnitude with respect to
the magnetosheath (Bertucci et al., 2003a), generally by a factor of ∼2.5 nT. This is
followed by a strong decay in field variation, both magnitude and direction, enhanced
magnetic field draping (Bertucci et al., 2005) and increases in total electron density
and decreases in suprathermal electron fluxes (Bertucci et al., 2003b).
1.6 Bow Shock
Planetary magnetic fields, such as Earth’s, are generated by currents in the metallic
core or core-mantle interface. Internal heat flux and planetary rotation drive thermal
convection in the electrically conducting fluid, thus powering the dynamo which gen-
erates the intrinsic planetary magnetic fields (Acuna, 2002). At Venus and Mars, no
such large intrinsic magnetic fields exist (Zhang et al., 2006a).
With no magnetic field-driven dynamo the solar wind flow is free to interact with the
ionospheric plasma. The ionosphere is a conductor and the magnetic field frozen-in
to the solar wind generates currents in it. The currents generate a cancelling field
persisting as long as the orientation of the magnetic field is continually changing.
The current-generated magnetic field in the ionosphere acts to deflect the solar wind,
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draping the frozen-in magnetic field around the planet. The solar wind is supersonic
and super-alfve´nic in interplanetary space and in order to pass an obstacle (such as
Venus) it must slow to subsonic speeds. These field lines become mass loaded and slow
rapidly to sub-sonic velocities, creating the bow shock upstream of the ionosphere.
Planets with weak magnetic fields form bow shocks closer to the surface than those
with stronger fields as shown by Luhmann (1995b) in Figure 1.7. At Venus the bow
shock forms at approximately 1.28 Rv (Venusian Radii) (Zhang et al., 1990) at the
subsolar point, which is an altitude of approximately 1400 km, whereas the Earth’s is
at 22.8 RE which is∼139000 km (Fairfield, 1971). Recently a number of models have
been proposed using the European spacecraft, Venus Express. It has an instrument
called ASPERA-4 which consists of an electron spectrometer, an ion spectrometer
and two neutral particle sensors. Whittaker et al. (2010a) took a purely experimental
approach using data from the ion spectrometer. Then they performed an occupational
probability distribution (SPD) on the data (see Chapter 4 for a full explanation). The
SPD is found through the use of orbital mechanics. They found that the bow shock
position was closer than previous models, 1.24 Rv. Martinecz et al. (2008) had utilised
both the ion and the electron spectrometers. They took the fitting algorithm from
Slavin and Holzer (1981) and a bow shock represented by a conic section. It gave
them a bow shock distance of 1.422 Rv. The bow shock locations were fitted using a
conic section curve with its focus at the centre of the planet. The model from Zhang
et al. (2008) utilising the magnetometers onboard Venus Express. The bow shock was
1.33 Rv.
The nature of the shock, whether it is quasi-perpendicular or whether it is quasi-
parallel (Figure 1.8) will change the shock geometry. When Bn = 0◦ the shock is com-
pletely parallel, when Bn = 90◦ the shock is completely quasi-perpendicular. Quasi-
parallel: < 45◦ and quasi-perpendicular > 45◦. In the case of a quasi-parallel shock
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Figure 1.7: A comparison of Earth’s and Venus’ magnetic interaction (Luhmann,
1995b).
the solar wind particles pass through the shock easily. The particles motion along
the field will carry the particle through, and away from the shock. However, when
the field lines in the solar wind are parallel to the shock the particles motion along
the magnetic field does not let the particle through the shock easily directing (Priest,
1995). For certain geometries of magnetic field, a portion of the incoming solar wind
is returned to the upstream region. The combination of inflowing plasma and the
reflected particles causes the generation the waves. The region of space where this
occurs is called the foreshock (Eastwood et al., 2005). In a quasi-perpendicular the
foreshock is constrained to the foot of the bow shock, a quasi-parallel covers a greater
upstream distance and becomes a proper foreshock.
1.7 Solar Wind
The solar wind is a flow of plasma, mostly consisting of an ionized collection of
electrons and protons. Directed outward from the sun, it is due to a gas pressure
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Figure 1.8: Quasi-parallel and -perpendicular shocks from Priest (1995).
gradient between the solar corona and interstellar space. The magnetic field of the solar
wind is frozen-in at a few solar radii and because of the sun’s rotation the magnetic
field lines are drawn into an Archimedean spiral (Heber et al., 1999). The solar wind is
not uniform, the speed changes and the composition changes also (Hundhausen, 1995).
The speed of the ambient solar wind is ∼ 400 kms−1 but there are two streams; a fast
stream and a slow one. The high velocity stream (∼ 800 kms−1) with a temperature of
∼ 106 K (Heber et al., 1999; Russell and Jian, 2008) is associated with dark regions of
the sun in Fe XII light. The slow wind has a speed of ∼ 300 kms−1 (Russell and Jian,
2008) and is more variable in other parameters.
1.7.1 Co-rotating Interaction Regions
Co-rotating interaction regions (CIRs) were first detected during studies of the ge-
omagnetic field by Sonett et al and investigated by Smith and Wolfe (1976) using
Poineer 10 and 11 (Lang, 2000). As the sun rotates, the slow and fast streams are
structured as shown in the schematic by Russell and Jian (2008) in Figure 1.9. The fast
wind is typically measured ∼800 kms−1 and temperatures close to 106 K. The slow
solar wind is ∼400 kms−1 and 1.5 x 106 K but the slow wind is much more variable.
The streams are separated by sharp boundaries. A co-rotating interaction region is
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when a fast wind approaches a slow stream. The trailing edge of the slow wind and
the leading edge of the fast wind form a compression region that is likely to lead to
a shock. At the trailing edge of the fast stream there is rarefaction. The two streams
may not inter-penetrate as the magnetic fields embedded into each stream come from
different source locations and behave under frozen-in-flux plasma conditions. The
interface between the fast and slow streams can be distinguished as an abrupt drop in
particle density and jump in proton temperature. Heber et al. (1999) states that there
are three outcomes of this:
Figure 1.9: Schematic of the solar wind streams
1. Forward Shock: The fast wind moving forward into the slow wind. Step-like
increases of solar wind speed, density and magnetic field strength.
2. Stream Interaction: Where the two streams are interacting with each other lead-
ing to increased density and an abundance ratio of different solar wind elements
(Wimmer-Schweingruber et al., 1997).
3. Reverse Shock: The fast wind moving backward into the slow wind. Step-like
increase of solar wind velocity and decreased magnetic field strength.
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1.7.2 Coronal Mass Ejections
Coronal mass ejections are massive, sudden eruptions of dense matter from the Sun
(Wagner, 1984). Originating from a coronal-loop sized scale, ∼104 km they can
expend to cover a significant part of the solar surface loop (Chen, 2011). The CME
then expands further into interplanetary space, often interacting with other objects,
such as the planets. The material is a plasma: electrons and protons and some heavier
elements such as helium and oxygen. Typically, the mass of a CME falls in the range
of 1 x 1011 to 4 x 1013 kg, averaged at 3 x 1012 kg (Chen, 2011), making them ideal
candidates for study of mass loading. CMEs have high speeds through the corona out
into interplanetary space ( ˇSvestka, 2007) and they have projected velocity ranges from
20kms−1 to >2000kms−1, occasionally reaching 3500kms−1. However, this velocity
measures the motion of the CME frontal loop projected in the plane of the sky (Chen,
2011) not its actual velocity. It is found that the kinetic and potential energies of a
typical CME amount to 1022 to 1025J.
Fast CMEs are associated with an interplanetary shock-wave. A shock-wave will be
developed between the gas ejected from the sun and the interplanetary material already
there (Lang, 2000). When the CME has speeds less than the ambient solar wind no
shock is formed. CME induced shock-waves accelerates the solar electrons to ∼10
keV (Chen, 2011). CME driven shock-waves can carry electron and ions into the
interplanetary medium, cross magnetic field lines and accelerate particles.
Interplanetary Coronal Mass Ejections (ICMEs) are the interplanetary manifestations
of coronal mass ejections. IMCEs are twisted magnetic flux tube extending back to
the sun (Russell and Mulligan, 2002). Luhmann et al. (2008) suggested that enhanced
solar wind dynamic pressures and interplanetary magnetic fields, such as those that
occur with an interplanetary coronal mass ejections or solar wind stream interac-
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tion regions (SIR) are sometimes followed by detection of enhanced escaping O+
fluxes. These ICMEs produce a number of typical features: a leading shock jump and
sheath (compressed solar wind) region, followed by larger than average, low-variance,
smoothly rotating magnetic field. Typical duration of the entire disturbance is 1-2
days. A schematic of the a cross-section of the ICME, magnetic magnitude and speed
in Figure 1.10.
Figure 1.10: Schematic of the a interplanetary coronal mass ejection cross-section of
the ICME, magnetic magnitude and speed
1.8 Mass Loading by Comets
The interaction of a comet and the solar wind differs from magnetised planets and
Venus. They do not have a magnetic barrier to protect them from the ravages of the
solar wind, either by a magnetic dipole or induced by the effects of the solar wind
magnetic field by the ionosphere. If the comet approaches a heat source (such as
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the Sun) the cometary nucleus begins to sublimate due to the increased temperatures
(Szego¨ et al., 2000). The outflow of neutrals is then ionized by solar extreme ultra-
violet radiation which is then picked up by the solar wind flow, the flow then slows
by the addition of mass (Coates, 2004). This ion pick-up removes momentum and
energy from the flow and puts it in the cometary particles. Heavier cometary ions
(mainly water group ions (Coates and Jones, 2009)) are added to the flow, slowing
the flow by mass loading. This sublimation is the cause of the ion tail of a comet.
There are two types of cometary tails; Type I, the plasma tail is straight, anti-sunwards
(comprised of charged particles being accelerated by the solar wind) and Type II;
where the dust tail is wide and curved (neutral particles showing the wake of the
comet path). When the type I plasma tail separates and drifts away anti-sunwards,
this is called a disconnection event (DE). They are common but not well understood.
Two methods are currently being considered to cause this phenomena: Increases in
ambient SW pressures increase instabilities in the tail which could cause a DE; or
magnetic reconnection on the sunwards side when the comet crosses an IMF boundary
or tailwards when the comet encounters a shock (Vourlidas et al., 2007). CMEs are
thought to be a major contribution of DE in comets. The head of a comet is mostly
composed of CN and C2 or CO+ (Biermann et al., 1967) and the solar wind may be
able to pick-up ions produced be the sublimation. This enhanced solar wind (solar
wind and cometary ions) is called mass loaded solar wind. A comet is expected to be
surrounded by an extended region of disturbed solar wind (Russell et al., 1983).
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Venus Express and ASPERA-4
Venus Express (VEX), named for the speed with which it was produced, arrived
at Venus in April 2006 and is the first spacecraft to visit Venus since the Pioneer
Venus Orbiter, inserted into orbit in 1978. VEX has a highly elliptical polar orbit
which means that the northern hemisphere has close-up measurements. Amongst the
instrumental payload Venus Express carries a magnetometer consisting of an outboard
and inboard sensor, and a plasma diagnostics package, the Analyser of Space Plasmas
and EneRgetic Atoms (ASPERA-4). This instrument comprises of an Ion Mass Anal-
yser (IMA), a Neutral Particle Imager (NPI), Neutral Particle Detector (NPD) and an
electron spectrometer (ELS).
2.1 The Analyser of Space Plasmas and Energetic Atoms
The ASPERA-4 differs from the Mars Express (MEX) instrument (Barabash et al.,
2007) in that it has been equipped with a 2mm thick aluminium shield to prolong its
life in the harsher radiation environment around Venus. The instrument is designed
to answer questions about the solar wind-atmosphere interaction at near-Venus space.
There are a number of specific questions it was designed to answer (Barabash et al.,
2007; Titov et al., 2006):
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• What are the parameters of the undisturbed solar wind?
• What is the interaction of the atmosphere with the solar wind?
• If Earth and Venus had similar inventories of water, where is the Venusian water
now?
• What is the main method of ion escape? How does this explain the loss of water
and the runaway greenhouse effect?
2.1.1 Ion Mass Analyser
The Ion Mass Analyser is located separately from the ASPERA-4 main unit and is
mounted on the -z face of Venus Express (Pe`ne, 2005) (Figure 2.1).
Figure 2.1: IMA in the reference frame of VEX (Barabash et al., 2007).
Ions enter the instrument through a grounded grid, behind which is a deflection system.
This system varies the polar angle at which ions are permitted to enter the instrument.
The deflection is managed by altering the voltage supplied to the deflection plates.
Incident ions then pass through another set of plates into a top-hat electrostatic anal-
yser (ESA). The instrument allows for 96 logarithmically equidistant energy levels
from 29999.9 eV to 12 eV (Fedorov, 2007). Ions exiting the electrostatic analyser
are accelerated through a magnetic separator. There are 16 gaps between the same
number of wedge-shaped magnets, corresponding to the azimuthal sectors. The radial
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deviation of ions passing through the separator indicate the velocity per charge of the
ion. As the energy per charge of every ion is the same at this point, the radial position
of the ion indicates its mass. Ions then impact onto a micro-channel plate (MCP) with
a position sensitive anode. The anode resolves 32 radial (mass) bins and 16 azimuthal
sectors, with each azimuthal sector covering 22.5◦. Figure 2.2 shows a cross section
of the IMA instrument (Barabash et al., 2007).
Figure 2.2: Cross section of the IMA with examples of ion trajectories (left) and a
cross section of the magnetic separator (right) (Barabash et al., 2007).
To compile a full three-dimensional ion spectrum the IMA proceeds as follows: the
deflection voltage is set to select a single elevation acceptance angle, the voltage at the
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Electrostatic Analyser (ESA) plates is set to select one energy range. Ions then impact
the MCP in accordance with their mass and azimuthal origin. The exposure time for
this is 120.9 ms (Fedorov, 2007). This produces one ‘IMA Image’. The voltage at
the ESA is then cycled through all 96 settings, producing one IMA Image for each
energy range (the sampling period is 125 ms). The IMA Images can be combined
to give an ‘IMA Energy Spectrum’, the compilation time of which is 12 seconds. To
obtain the ‘IMA Full Spectrum’ the deflection voltage is cycled through all 16 settings,
creating one IMA Energy Spectrum for each elevation angle (deflection voltage). A
full spectrum has an accumulation time of 192 seconds.
The number of elevation sectors, and thus the angular range of each sector, changed
part-way through the operations of the instrument. The date of the change was 24th
June 2006 at 12:55:23. Initially the number of elevation sectors was 16, providing a
coverage of ∼5.6◦ per sector. Later, the number of elevation sectors changed to only
8, increasing the range covered by one sector to ∼11.2◦ to prolong the life of IMA.
Due to the change in the number of elevation sectors the sampling period of each
IMA image became 250 ms, increasing the accumulation time for the ‘IMA Energy
Spectrum’ to 24 seconds. The resolution for one ‘IMA Full Spectrum’ remains 192
seconds.
2.1.2 Electron Spectrometer
The instrument is mounted on the ASPERA-4 scanning platform. This positioning al-
lows the Electron Spectrometer (ELS) to measure a 4pi angular distribution of electrons
during each platform scan. The instrument has been designed so that it may operate in
direct sunlight. A series of baffles in the collimator and UV light traps at the entrance
to the deflection system minimise UV in the ELS. Secondary electrons are suppressed
by the addition of a specialised coating, covering the deflection system, light traps and
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collimator (Barabash et al., 2007).
The ELS is formed by the spherical top-hat analyser electrostatic and a collimator
system. The electrons are then deflected into the spectrometer by applying a positive
voltage to the inner hemisphere. Then the electrons impact onto a micro-channel plate
(MCP) after being filtered in energy. A spectral measurement is achieved by stepping
the plate voltage. The ELS can measure electron with energies up to 20 keV/q. The
time resolution of one energy sweep is 4 seconds.
2.1.3 Neutral Particle Detector and Neutral Particle Imager
Both of these are designed to study energetic neutral atoms (ENA’s). The study of
ENA’s on Venus is important as a measure of the solar wind energy deposited into the
Venusian atmosphere, as ENA’s are produced via charge exchange collisions between
solar wind protons and neutral planetary particles. The Neutral Particle Detector
(NPD) comprises of two identical pinhole cameras, each with a 90◦ acceptance angle.
They are installed on a scanning platform providing a 180◦ field of view, thus a 2pi
coverage is obtained. In each detector the incoming beam of charged and neutral
particles must pass through a deflection system, acting to remove the charged particles.
The Neutral Particle Imager (NPI) is located on the ASPERA-4 scanning platform and
covers 4pi in one scan (although a small fraction is obscured by the spacecraft body)
(Barabash et al., 2007).
2.2 Magnetometer
Magnetometry is the science of accurate measurement of the magnitude and direction
of magnetic fields. Energetic charged particles and plasmas are greatly influenced
by their magnetic environment, thus magnetometry is essential in order to interpret
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Figure 2.3: Left: A diagram of a 2 axis ringcore fluxgate magnetometer (Primdahl,
1979). Right: the picture of the fluxgate magnetometer on VEX (Zhang et al., 2006b)
charged particle data. These particles are able to travel easily along magnetic field
lines. Mapping the magnetic field lines is a good indication of the pathways followed
by charged particles (Acuna, 2002).
Magnetometers can be used in many applications, ground based and in space. There
are two generic types of magnetometer, scalar magnetometers, which measure only
the magnitude of the ambient field, and vector magnetometers, which measure both
the field magnitude and its orientation referenced to the principle sensing axis of the
instrument. The fluxgate is a vector magnetometer and was invented in 1936 by
Aschenbrenner and Goubau as a submarine detector (Acuna, 2002). Vector magne-
tometers are far more common and it is a vector magnetometer that is included on the
Venus Express mission.
Fluxgate magnetometers consist of a ringcore, made from a highly magnetic perme-
able material. Around this core a wire is coiled, called the drive coil. A second coil is
wrapped around both the core and the drive coil, the sense coil, to detect the induced
currents. Typically, a magnetometer will consist of two fluxgate sensors measuring
magnetic field in two directions, both wrapped by a third coil, to measure the third
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direction (Figure 2.3). The current supplied to the drive coil pushes the cores deep into
positive and negative saturation. When the core is in its saturated state the magnetic
permeability is reduced. In this situation the magnetic field threaded by the sense
coil is similar to that which would exist in free space. When the core is in its high
permeability state, the flux threaded through it and the sense coil is greatly increased.
Switching the core in and out of saturation at an excitation frequency causes the
ambient magnetic flux to be modulated at twice this frequency (Acuna, 2002). If the
ringcore is considered to be 2 half-cores then as the drive current is applied, a magnetic
field will be generated in the sense direction by one of the half-cores and in the
opposing direction by the other half-core. In the absence of any external magnetic field
the two half-cores enter and exit saturation simultaneously; all generated magnetic
fields cancel and there is no net change in magnetic flux. However, when there is
an external magnetic field the symmetry of the saturation cycle is distorted, the half-
core generating field in the direction of this external field will remain in saturation
longer than the half-core generating field in the opposing direction. The two half-
cores no longer enter and exit saturation simultaneously, generating a net change in
the magnetic flux. This net change in flux induces a voltage in the sense coil that is
proportional to the external magnetic field (Figure 2.4).
The Venus Express spacecraft was based on the design of the Mars Express spacecraft
but the payload of MEX did not include a magnetometer and so no effort was made to
ensure that it was magnetically clean. Large and variable spacecraft fields have often
been a limiting factor on the accuracy of in-situ magnetic field measurements. Ness
et al. (1971) proposed a method of using simultaneous data from two magnetometers,
placed at different positions along a boom extending from the spacecraft body. The
magnetometer onboard Venus Express operates a dual magnetometer method in order
to remove stray spacecraft field. The inboard sensor is attached directly to the space-
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Figure 2.4: Magnetometer theory. The diagram on the left is the absence of any field.
The right is presence of an external field.
craft body and outboard sensor is mounted on a 1 meter deployable boom. Each of
the magnetometers is comprised of two, single ringcore sensors, measuring magnetic
field in the x- and y-directions. These two coils are both then wrapped with a third
coil to measure the field in the z-direction. Molybdenum-permalloy alloys have been
developed for low-noise, high stability applications, well suited for magnetometer
ringcore sensors. The ringcores used in the magnetometer on VEX are made of 6-
81 Molybdenum permalloy formed into bands 2mm x 20µm (Zhang et al., 2006a).
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2.3 CL
The standard piece of software to view Venus Express ASPERA-4 data is CL so called
as it was written both in C and IDL (interactive data language). It was originally
designed to deal with CLUSTER data, developed by Penou (2012) but deals with
ACE, STEREO and VEX amongst others.
2.3.1 Time Series Data View
Figure 2.5 shows an example of the Time-Energy-Count Rate plot in CL. The first
panel shows the orbital path in x and r in the Venus-solar-orbital coordinate system
(VSO). Where x is the Venus-Sun line, z is the North Pole and y completes the co-
ordinate set. The coordinate, r is the cylindrical co-ordinate r =
√
(y2 + z2). Then, the
next three panels are the output from the ELS, the magnetometers and the IMA. The
ELS and IMA have x-axis shows UTC time, the y-axis shows energy (eV/q) and count
rate is shown by the colour bar on the right. The magnetometer output is time (x) and
the VSO x (black), y (blue) and z (red). The approximate boundaries are shown by
black vertical lines. A and D are the night- and dayside bow shocks∼01:20 UT, B and
C are the ICB. This is accompanied by the positional data.
IMA
At ∼01:20 UT the bow shock is seen as an increase in count rate and spread is
energy (A). The nightside ICB (B) is shown as a decrease in energy at ∼01:50 UT
and the dayside ICB at 02:10 UT (C) where the energy start to rise again. Then the
dayside bow shock is seen at 02:30 UT (D). In the IMA Energy-Time-Count rate scan
a periodic drop-out can be seen. This is due to the orientation of the instrument.
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Figure 2.5: The CL output of the r-co-ordinate vs. x-co-ordinate, electron and ion energy-time-count rate (ETCr) and the magnetic field
in the 3 Cartesian co-ordinates (on 11-07-2006).
30
2.3. CL
Figure 2.6: The CL output of the ELS adapted from Coates et al. (2008).
ELS
The electron data begins in the solar wind section (Figure 2.6) (Coates et al., 2008).
Then the electron population is heated as it travels through the bow shock. The
intensity is approximately the same from 01:21:30 UT until 01:25:00 UT. Where
the electrons begin to cool. At about 01:26:30 UT the electron population changes
from a continuous, sheath plasma to narrow beam-like structures. At about 01:28 UT
the energy per unit charge decreases and there appears to be a mixture of sheath and
ionospheric plasma in a transition region. Ionospheric plasma is continuously observed
from about 01:30 UT.
2.3.2 Radial Scan
Figure 2.7 shows a whole scan image separated by mass bin and Energy-Mass-Count
Rate (EMCr). Each EMCr plot shows the accumulation of ions is a 192 seconds scan.
The EMCr plots are split into 9 sub-plots, indicating the acceptance angle. Each sub-
plot has the x-axis shows the anode (mass bin) indicating the mass of the ions. The
heavier ions, such as O+2 (triangle) and CO+2 (circle) are plotted on the left; the lightest
are such as H+ and He++ (marked with a + and a square respectively), at mass bin 30
on the right. The energy on the y-axis in electron-volts and the colours indicate the
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count rates. The ionospheric plot shown here has more of the acceptance angles sub-
plots filled and the anodes occupied indicate that there are more heavy ions (anodes
≤ 10). A solar wind EMCr will have only light ions (anode ≥ 15) and will have less
sub-plots filled.
2.4 CCATi Software
CCATi is a software interface, written in IDL by Fra¨nz et al. (2013), for the interactive
composition of multi-trace time series data. It can be used with data from VEX, MEX,
PVO MAG and other spacecraft. It modifies Penous CL routines to read in VEX
ASPERA-4 L2 data and calculate the moments of user specified values.
The CCATi GUI is the top page (Figure 2.8a) allowing us to set the time frame and the
required parameters. Each parameter can be set by using the CCATI VAR interface
(Figure 2.8b). CCATI VAR allows us to compose all parameters necessary to uniquely
define a scalar, vector or spectral variable. CCATi then allows the export of all data
products of the current layout to a flat file in Cluster Exchange Format (.cef). Thence
it can be used to output text files for use in IDL programmes.
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Figure 2.7: This view is showing the radial (mass) bins (along the x-axis) with energy (y) and counts marked in colour on 11-07-2006.
Shown above, a typical scan of a solar wind and below is an ionospheric scan.
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(a) CCATi GUI
(b) CCATi VAR
Figure 2.8: The CCATi gui
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CHAPTER3
Flux Ropes
In this Chapter small scale magnetic structures are investigated, and the role they play
in the erosion of the Venusian atmosphere. These structures are force-free, corre-
spond to a decrease in thermal pressure. Are they connected to the occurrence of
double-populations, where two energy populations are observed in the ions at the same
time? These small-scale structures, or flux ropes, are filamentary twists of magnetic
field (Russell, 1990). The magnetic pressure within the structure is higher than the
surrounding ionosphere. They are most prevalent at an altitude of 200 to 160 Km
(Luhmann and Cravens, 1991) but VEX does not go that low; the lowest altitude in
2006 is ∼250 Km but flux ropes are still present at this height. So, a study of high
altitude flux ropes is possible.
Data from the Ion Mass Analyser (IMA) instrument and magnetometers (MAG) on
board Venus Express are analysed to correlate the direction of these structures to
signatures in the ion composition data. Using data collected during 2006, several
flux ropes have been identified. Figure 3.1 shows an inbound and outbound pass
below 1200 km in altitude indicating an example of magnetic field signatures possibly
associated with flux ropes. In this study most flux ropes, within the range of Venus
Express’ orbit, occur within the 300 km − 450 km range.
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Figure 3.1: Magnetic field measurements at 1200 km in altitude both sides of
pericytherion. The outbound pass exhibits some possible flux ropes they are signified
with the blue bands.
3.1 Flux Ropes and Their Signatures
The purpose of minimum variance analysis (MVA) is to obtain an estimator for the
direction normal to approximately one dimensional transition layer in a plasma. The
method was first used by Sonnerup and Cahill (1967) to find the magnetopause normal
direction from Explorer 12 observations. MVAB has some assumptions a) MVAB is
based on an idealised 1-dimensional model (∂/∂x = 0, ∂/∂y = 0) of the transition
through the layer in question (Sonnerup and Scheible, 1998). Leaving only one term
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(in Cartesian coordinates) for the divergence of B and b) From Faradays Law (∇ ·B =
∂/∂z = 0), ∇×E = ∂B/∂t the time component of the magnetic field be independent
and Bz is independent from z. If was the case three vector measurements are required
to ascertain a normal direction, nˆ. MVAB is not based on B · nˆ = 0. However, if the
vectors B(1), B(2), B(3) are nearly the same the equations approach 0 over 0 and no
reliable normal can be found. The method identifies the estimate of the unit vector
normal, nˆ as the direction in space along which the field component-set has minimum
variance.
B(m) · nˆ (3.1)
Firstly, the covariance of the magnetic field vectors in Cartesian components must be
calculated and used to populate the covariance matrix. An estimator nˆ can then be
obtained by minimizing the covariance matrix of the magnetic field component-set
(Sonnerup and Scheible, 1998):
σ2 =
1
M
M
∑
m=1
| (B(m)−< B(m) >) · nˆ |2 (3.2)
Where the average < B > is defined as:
< B > =
1
M
M
∑
m=1
B(m) (3.3)
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When the constraint | nˆ |2= 1 and a Lagrange multiplier, λ is set then the following
homogeneous equations are solved:
∂
∂nX
=
(
σ2−λ(| nˆ |2 −1)
)
= 1 (3.4a)
∂
∂nY
=
(
σ2−λ(| nˆ |2 −1)
)
= 1 (3.4b)
∂
∂nZ
=
(
σ2−λ(| nˆ |2 −1)
)
= 1 (3.4c)
Equations (3.4) can be given in matrix form:
3
∑
ν=1
MBµνnnu = λnµ (3.5)
Where the subscripts µ,ν = 1,2,3 denote the Cartesian components along the X, Y
and Z in the coordinate set in which the field data B(m) are given.
MBµν =
〈
BµBν
〉
−
〈
Bµ
〉
〈Bν〉 (3.6)
The magnetic covariance matrix is symmetric and so the eigenvalues will be real and
the corresponding eigenvectors are orthogonal, representing the directions of maxi-
mum, intermediate and minimum variance. The eigenvalues denote the actual variance
in each of the directions. The eigenvector corresponding to the smallest eigenvalue is
then the estimate of the direction normal to the plasma transition layer. The results
of MVAB are often plotted as a magnetic hodograph. Sonnerup and Scheible (1998)
state that hodograms are constructed by drawing vectors from the origin, the length
and direction of which represent the members of the measured set B(m), and then con-
necting the arrowheads of those vectors by line segments, following the time sequence
in which they were measured. Hodographs are commonly displayed in two projections
known as magnetic hodograms; one where the measured set is projected onto a plane
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tangential to the layer, B1 vs. B2 (maximum-intermediate projection) and the other a
side view of the projection, B1 vs. B3 (maximum-minimum projection).
B1 = B(m) ·x1 (3.7)
B2 = B(m) ·x2 (3.8)
B3 = B(m) ·x3 (3.9)
Russell and Elphic (1979) used MVAB across flux ropes to determine their magnetic
signature. The signature of a FR in its principal axis coordinates has a distinct shape.
A description of the B1 vs. B2 projection is as follows; as the spacecraft first enters the
structure it encounters a weak azimuthal field (corresponding to the B2 direction). As
the spacecraft penetrates further toward the centre of the structure the field becomes
less azimuthal (parallel to B1) and stronger. As the spacecraft leaves the structure, the
field becomes weaker and more parallel to B2, in the opposite direction to that detected
upon entering. In the B1 vs. B3 projection the shape depicted is very different and
depends on how centrally the spacecraft penetrates the FR. For a flux rope intersected
directly through its centre, a straight line parallel to the B1 direction is depicted. For
off-centre traversals (grazing impacts) the hodograms deviate from the B1 directed
straight line (Elphic and Russell, 1983b) and resembles a half-ellipsoid (Figure 3.2).
Figure 3.3 shows 2 pairs of hodograms, one for VEX passing through centre of the
flux rope (Figure 3.3a) and one passing through at an oblique angle (grazing impact)
(Figure 3.3b).
3.1.1 Magnetization of the Ionosphere
In broad terms there are two different cases of ionospheric magnetization; non-magnetic
and magnetic (Luhmann et al., 1980). According to Elphic and Russell (1983a), using
PVO (Pioneer Venus Orbiter), the former state is far more likely. The formation of
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Figure 3.2: An example of the spacecraft’s passage through a flux rope (Elphic and
Russell, 1983b). The rope axis is vertical, the spacecraft trajectory horizontal and
slightly off the rope’s axis. The arrows show the sampled magnetic field direction.
The lower Panel shows the hodogram projections where Bi, B j, Bk refer to the field
direction of maximum, intermediate and minimum magnetic variation.
small scale structures are possible in this state. Elphic and Russell (1983a) were using
data from 1979 to 1980 which is solar maximum. In solar cycle 23 (1996 to 2008) solar
minimum occurred in ∼2008 and the data used in this study are from 2006. During
solar minimum it was found that the magnetization state of the Venusian ionosphere
was far more likely to be non-magnetic, unlike solar maximum. Flux ropes are most
prevalent below ∼200 km altitude (Elphic and Russell, 1983a) and Venus Express
does not go below ∼250 km in 2006. Figure 3.4 shows the diameter and solar zenith
angle (SZA) of all 34 cases with the day-of-year marked. However, the diameter given
here does not take into account the orientation of the rope. Ideally, VEX may bisect
the rope perpendicular to the ropes axis which gives the rope diameter. If the crossing
is oblique, the time spent within the rope is exaggerated or if VEX does not cut the
rope through its centre the time spent in the flux rope is reduced. When the flux ropes
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(a) A flux rope intersected directly.
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(b) A grazing impact.
Figure 3.3: An example of two magnetic hodograms. Figure 3.3a depicts a flux rope
intersected directly through its centre, Figure 3.3b shows a grazing impact.
(FR) are plotted as a function of diameter (Figure 3.4; diameter is derived from the
time spent in the FR and the speed at which VEX was travelling) there are more FR of
significant diameter, >100 km, below ∼400 km suggesting that the FR are expanding
as they sink towards the surface. More FRs are discovered closer to Venus and more
in the pole region, as indicated by the plot against SZA. There is no information on
the East West component in the SZA. When the FRs are plotted as a function of SZA
they are clustered between ∼400 km (although the lowest altitude of VEXs orbit will
allow) and ∼ 76◦−96◦ SZA, indicating that the FR are drifting towards the nightside
as well as sinking.
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Figure 3.4: All 34 flux ropes observed by VEX during the year 2006 at solar
minimum.The red markings are where VEX makes a direct bisection of the flux rope.
The black markings are where VEX grazes the flux rope. The numbers are the day-of-
year. Left hand plot shows variation of diameter (in km) with altitude. Right hand plot
shows variation of SZA (deg).
The buoyancy of an object is:
ωapp = ω−F (3.10)
ωapp: Apparent weight of the ‘object’. ω: weight. F is the buoyancy force.
ωapp =
(
gN fV f
)
−
(
gNairVair
)
(3.11)
The parameters are all from ASPERA-4 measurements and not simulated. Measure-
ments were taken for all ions species and electrons. B and B (the magnetic magnitude)
from the magnetometers, p (pressure), N (density) and T (temperature) are calculated
by CCATi and kB is the Boltzmann constant, g is the gravity of Venus. The subscript,
f, is applied to the flux rope. At the altitude of the observations there is no significant
42
3.1. FLUX ROPES AND THEIR SIGNATURES
change in composition, pressure or temperature with height. The subscript, air, is
an average of the parameters below the flux rope. If the ideal gas law is applied
Equation (3.11) becomes:
ωapp =
(
gN f ·
N f kBTf
p f
)
−
(
gNair ·
NairkBTair
pair
)
(3.12)
The flux rope has an additional term for the magnetic pressure and the magnetic
tension. The Lorentz force:
J×B = 1
µ0
(
∇×B)×B (3.13)
Where µ0 is the magnetic permeability. Though the rearrangement of this using the
vector identity the Lorentz force can be rewritten thus (Hood, 1999):
J×B = 1
µ0
(
B ·∇
)
B−∇
(
B2
2µ0
)
(3.14)
The second term is the gradient of the magnetic pressure, ∇(B2/2µ0), which will
cancel out to zero because they have approximately equal amount of pressure at the
outer edges of a flux rope. The first term can be rewritten as:
1
µ0
(
B ·∇
)
B =
d
ds
(
B2
2µ0
)
sˆ+
B2
µ0Rc
n (3.15)
Rc is the radius of curvature and sˆ is the normal to the flux rope surface. Then
Equation (3.10) can be rewritten as:
ωapp =
(
gN f
N f kBTf
p f
+
B2
2µ0
+
d
ds
(
B2
2µ0
)
sˆ+
B2
µ0Rc
n
)
−
(
gNair
NairkBTair
pair
+
B2
2µ0
)
(3.16)
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However, Equation (3.17) is the gradient of the pressure of the flux rope. Because a
flux rope is bound by an approximately equal amount of pressure at the outer edge the
gradient
(
d
ds
)
would be ≃ 0.
d
ds
(
B2
2µ0
)
sˆ≃ 0 (3.17)
So:
ωapp =
(
g
N2f Tf kB
p f
+
B2f
2µ0
+
B2f
µ0Rc
n
)
−
(
g
N2airTairkB
pair
+
B2air
2µ0
)
(3.18)
All the flux ropes are sinking due, perhaps to photoionisation of neutrals close to the
flux ropes. The SZA is proportional to the apparent weight (ωapp) (i.e. the SZA is
greater with increasing ωapp) and the greatest ωapp are at the lowest altitudes. The
ropes closest to the ionopause are more buoyant than those that have been in the
ionosphere longer (Figure 3.5).
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Figure 3.5: The SZA and the apparent weight (the weight minus the buoyancy force)
vs. altitude.
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3.2 Co-incidence of Flux Ropes with Double-Energy-
Ion Populations
Magnetic field and ion data collected by the magnetometers (MAG) and Ion Mass
Analyser on board Venus Express during 2006 sometimes show temporally concurrent
flux ropes and mixed (high and low energy) populations of ions of the same species.
These were termed double-populations. Flux ropes as observed by VEX have a du-
ration of a few 10s of seconds and thus the 0.25 Hz magnetic data set may not be of
high enough resolution for this study. Hence we use flux rope data from Wei H.Y.
(2006 - personal communication) from the 1 Hz data set. There are 36 ropes in the
data set. A magnetic flux rope was detected at 01:55:52 on 11th July 2006, as verified
by hodogram projections. This flux rope was an off-centre rope, seen by the B1 vs. B3
projection having a curved nature (Figure 3.3b). The orbit on DOY 192 was a night-
dayside pass close to the dusk dawn terminator with little time spent in the ionosphere.
In Figures 3.6, 3.7 (which contains the flux rope) and 3.8 shown are the mass-energy-
count rate (EMCr) spectra between 01:40 UT and 02:06 UT which contains the flux
rope at 01:55 UT (Figure 3.7c) indicated by the composition of the ions. The first
frame (Figure 3.6a) shows unidirectional flow high energy hydrogen, associated with
the solar wind with a little O+. The next 7 slides show an introduction of oxygen into
the mix of ions which is non-unidirectional, indicative of the ionosphere having been
entered. The last slide shows the exit from the ionosphere where the ion population
has not returned to the solar wind yet. As stated earlier, the orbit was a night-dayside
and it was a terminator orbit with little time spent in the ionosphere. This terminator
orbit explained the higher energy O+ bracketing the slide with the FR. VEX spent
∼20 minutes within the ionosphere (Figures 3.7a, 3.7b, 3.7c and 3.8a) and very little
difference can be seen between these 4 scans. However, these Energy-Mass-Count
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(a) 01:40:25 (b) 01:43:39 (c) 01:46:49
(d) Log. count rate
Figure 3.6: The energy-time-count rate for time between 01:40:25 to 01:46:49, before the flux rope (the flux rope in Panel 3.7c on the
next page). Up the side is energy, the x-axis is anode and the count rate shown by the colour (Panel (d)). Panel 3.6a has a signature of
the solar wind (mostly uni-directional and peak eV/q at 1 keV). Figures 3.6b and 3.6c has more ≥ O+ (anode <15) denoted by a ∗ on
the legend accompanying each subfigure.
46
3
.2
.
CO
-IN
CID
EN
CE
O
F
FLU
X
RO
PES
W
ITH
D
O
U
BLE
-EN
ERG
Y
-IO
N
PO
PU
LATIO
N
S
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Figure 3.7: The energy-time-count rate for time between 01:50:01 to 01:56:25, Panel 3.7c contains the flux rope and the ion signature is
indicated by the red oval.
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(a) 01:59:39 (b) 02:02:49 (c) 02:06:01
(d) Log. count rate
Figure 3.8: The energy-time-count rate for time between 01:59:37 to 02:06:01. After the flux rope the ion distribution has not gone back
to normal, shown in Panel 3.8a by red oval. The solar wind (Panel 3.8c) has returned to normal.
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rate scans have a low resolution and may not pick up the FR. Figure 3.9 shows that the
Time-Energy-Count rate has a higher resolution but with no 3d directional information.
In Panel 1 the initial population of hydrogen at∼1 keV indicates solar wind origin. The
lower energies indicate planetary origin, particularly for the ≥ O+ ions. The higher
energy heavy ions (≥O+) could indicate an escape process at the ionopause boundary.
When the flux ropes occur (marked in red on the magnetic trace (Figure 3.9 Panel 7))
we see two populations of H+ ions, one centred at 1 keV and the other centred at 10
eV (Figure 3.9 Panel 1). The 1 keV hydrogen distribution is more likely to be of solar
wind origin whilst the 10 eV distribution is the planetary origin. For O+, the double
population occurs with lower energy; the upper bound is 100 eV, the lower 10 eV. Note
the disparity between the EMCr (Figure 3.6) and the ETCr (Figure 3.9) which is due
to averaging between the EMCr which has 6 look angles to the ETCr which has 1 look
angle.
The 29th of August 2006 there were three dayside flux ropes occurring at 03:05:59,
03:06:40 and 03:07:10. They were covered by a single EMCr plot time interval,
03:05:00 to 03:08:12 (they are separated by 1 resolution point). A double population
in oxygen is seen (Figure 3.10). The double population is nearly at the ionopause
therefore the O+ could be a hold over from the acceleration during the transition from
the magnetosheath and the ICB. The fact that the O+ is unidirectional and its extremely
high energy, 10 keV and 3 keV, lends credence that it was from the a solar wind origin,
unrelated to the multi-directional, low energy flow of ions, generally planetary ions
have energies of 100 eV. Comparing the EMCr sequence to the one just before and the
one after there does not appear to show much difference. The ETCr does not show the
double population at all.
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Figure 3.9: Example spectra from VEX and MAG. Panels 1 - 6 are the time-energy-
count rate plots for mass H+, He++, He+, O++, O+ and >O+. Panel 7 is the
time series of the 0.25 Hz magnetic magnitude and the final Panel is the magnetic
hodograms.
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(a) 03:11:24: In the ionosheath (b) 03:08:12: In the ionosheath
(c) 03:05:00: Ionosphere with the flux ropes (d) 03:01:48: Ionosphere
Figure 3.10: The EMCr for the period from 03:01:49 to 03:11:28. The FR happens at
03:05:00 Subfigure 3.10c
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3.2.1 Flux Ropes and Coincident Double Populations - Possible
Interpretations
There are several instances where a double-population of ions are seen, where there
are two distinct populations of ions, for example those discussed in Figure 3.9 Panel 4
at 01:56:26 to 01:56:48 (2 scans of IMA) and Figure 3.6.
In attempting to ascertain statistically whether or not these double-populations and
flux ropes are related it is important to consider all the possibilities. Four possible
observation classes (scenarios) are possible:
1. Neither a double-population nor a flux rope are observed
2. Both a double-population and a flux rope are observed
3. A flux rope but no double population is observed
4. A double-population but not a flux rope is observed
There are two hypotheses:
1. The double population and the flux rope are connected
2. They are not connected
Scenarios 1 and 2
Observation of scenario 1 or 2 does not contradict the idea that two features are
connected.
Scenario 3
If scenario 3 is observed, doubt may be cast upon the connection. IMA records
ion count-rates in a reference frame unique to itself, whereas MAG records all data
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in the spacecraft frame then converts it into the Venus centric VSO (Venus Solar
Orbital) reference frame, common to most other data sets. Due to the discrepancy
in the reference frames of each data set it may be possible that the IMA is scanning a
direction different to that in which the flux rope is detected by MAG and the features
may still be spatially concurrent and connected. So the double population could have
been missed, although the flux rope was seen.
Scenario 4
No flux rope is seen in conjunction with the double-population, indicating that there
is no connection between the two features. The magnetometer is sensitive to all
components of the magnetic field simultaneously, so that if there is a flux rope to
be detected at any one point in time it will be detected regardless of the direction in
which it aligned. Thus a double population is detected, and we can be certain that there
was no simultaneous flux rope.
Conclusions
Thus observations of double populations without flux ropes (scenario 4) suggest that
it is unlikely that flux ropes are connected to the double energy ion populations.
3.2.2 Statistics
The number of orbits (and hence passes through the ionosphere) is set but the number
of occurrences on any pass are not. So, for instance on the 19th September 2006, there
are 5 flux ropes. This affects the flux ropes number but not the number of orbits without
flux ropes. Table 3.1 gives the occurrences of flux ropes and double-populations.
There are 242 passes, 36 discrete flux ropes, 65 instances of double-populations and
8 combined cases. The data are from two different instruments, MAG (for the flux
ropes) and the IMA (for the double-populations). The total number of samples is
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greater with MAG since the IMA data was missing on 19 days. In no case was there
missing IMA data was not on the days when the combined double-population / flux
ropes were recorded.
Passes Flux ropes No flux ropes Passes with flux ropes
242 36 215 27
Double-Populations No Double-Populations
65 177
Both a FR and a DP FR and a DP FR and/or DP Neither
8 101 93 149
Frequency of Occurrences Total Samples Occurrences
Flux Ropes Absence
36 215 261 13.79%
DP Absence
65 177 242 26.86%
DP & Flux Ropes Absence
8 234 242 3.31%
Table 3.1: Event occurrences for 2006. The number of passes that VEX made around
the planet are recorded and checked for flux ropes (FR), 27 passes contained flux rope.
Occasionally, there were multiple flux ropes in a single pass, 36 individual FRs were
found. The number of double-populations (DP) was 65. The number of combined
occurrence of FR and DP was 8.
Pearson’s χ2 Test
A χ2 test is used to determine the distribution of event instances compared to a null
hypothesis (Alexander, 1961). There are several conditions when using the χ2 test:
1. The data selected to be tested cannot be dependent in any way.
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2. The expected frequency of events should not be less than 5.
3. The total number of samples must exceed 20.
The null hypothesis: That double energy ion populations are not related to the occur-
rence of flux ropes (so their combined occurrence is coincidental and thus random); so
that the expected frequency of combined occurrence would be the observed frequen-
cies of each possibility multiplied together. From Table 3.1 the percentage probability
of a combined occurrence is approximately 3% of all samples.
χ2 = 1
xe
∑(xo− xe)2 (3.19)
where xo, observed frequency of occurrence
xe, expected frequency of occurrence
Combined Events Absence Total
observed (xo) 8 357 365
expected (xe) 5 360 365
xo− xe 3 -3 0
(xo− xe)
2 9 9
(xo− xe)
2/xe 1.800 0.025
χ2 = ∑(xo− xe)2/xe 1.825
Table 3.2: χ2 table for the year 2006.
Here there are two categories; either there is a combined event or not. Thus the degree
of freedom (df ) is 1, as the df is calculated as the number of the categories minus 1.
Using the χ2 table from Alexander (1961) book shown in Table 3.3 for a significance
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df 1 Probability of a Larger Value of χ2
0.99 0.95 0.90 0.75 0.50 0.25 0.10 0.05 0.01
χ2 0 0.004 0.016 0.102 0.455 1.32 2.71 3.84 6.63
←− Accept Reject−→
Table 3.3: An excerpt from Alexander (1961) χ2 and significance level table.
level of 0.05 and with one degree of freedom we see that the value of χ2 must be
greater than 3.84 in order to reject the null hypothesis. The calculated value of χ2
is 1.825 which is less than this and so the hypothesis that combined occurrences are
coincidental can be accepted. Note, however, that the list of flux ropes may not be
complete.
3.3 Pressure Balance at Flux Ropes
Data collected from both the ASPERA-4 IMA and the magnetometers on board Venus
Express are used to examine pressure changes across small-scale magnetic structures
(flux ropes) in the upper Venusian atmosphere. This should provide an indication
of whether the flux ropes are force-free. Elphic et al. (1981) theorised that tightly
wound flux ropes, those possessed of a significant azimuthal component, would be
self-balancing. The outer helical field lines exerting an inward stress balance the
outward stress produced by the central axial field. A flux rope is a tightly wound helix
of magnetic field, so the magnetic pressure within the structure is higher than in the
surrounding ionosphere. A study by Ledvina et al. (2002) examined a number of ropes
from the PVO data-set at solar maximum. They found that the lower altitude ropes
tended toward a force-free nature, not requiring a reduction in ion thermal pressure
as the magnetic pressure across the flux rope increases, whereas, higher altitude ropes
were more non-force-free (i.e. thermal pressure, p, increases as magnetic pressure, PB,
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increases). A force-free rope would, therefore, not need to exclude plasma nor reduce
the plasma temperature. For ions to be eroded from the atmosphere by flux ropes, the
ropes would need to be force-free, i.e., non-density depleted. The MHD equation of
force balance is:
J∧B+∇p = 0 (3.20)
where p = niKBTi +neKBTe
The force condition occurs when the terms independently reach zero:
J∧B = 0 (3.21)
∇p = 0 (3.22)
In the non-force-free case:
J∧B 6= 0 (3.23)
∇p 6= 0 (3.24)
∇
(
B2
2µ0
+ p
)
= 0 (3.25)
B2
2µ0
+ p = const. (3.26)
Any fully non-force-free flux rope can be seen as an increase in the magnetic pressure
across the rope. It should correspond to a decrease in thermal pressure. However, this
is an unrealistic case; more realistic is neither fully non-force-free nor fully force-free
but a flux rope that is partially balanced by magnetic tension. So a dip in pressure is
seen. The ion thermal pressure and the electron thermal pressure has been calculated
for the duration of Venus Express ionospheric insertion. The equation of the thermal
pressure is p = niKBTi + neKBTe. A 12-point running average of p is used as the
background pressure of the ionosphere. Deviations from this are then used to deter-
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Figure 3.11: A comparison between magnetic and plasma pressure. The flux rope is
shown in black. The actual ion and electron pressure in solid orange, and 12-point
running average of this in dotted orange. The magnetic pressure is shown in solid
blue and the dotted line a 12-point running average. 26th December 2006 displaying
reduced plasma pressure within the flux rope (non-force-free behaviour). 29th August
2006 is showing increased pressure. Time here is seconds from the start of the day
(00:00:00)
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mine the force-free nature of each rope. The magnetic pressure is PB = B2 / 2µ0. Two
examples of this are shown in Figure 3.11. The study includes flux ropes during 2006
and with all flux ropes occurring above 250 km. 32 flux ropes were used, of these
53% (15/32 flux ropes) exhibited reduced thermal pressure (non-force-free behaviour)
and 47% (15/32 flux ropes) with unaltered or increased thermal pressure. 9.4% (3/32
flux ropes) occurred with both decreased thermal pressure and a double population and
15.6% (5/32 flux ropes) occurred with increased (or unchanged) thermal pressure and
a double population. Given the null hypothesis that flux ropes are evenly likely to be
non- or force-free a Pearson’s χ2 test gives that in all likelihood the null hypothesis
can be accepted.
Decreased Pressure Increased Pressure
17 15
53% 47%
2xPop No 2xPop 2xPop No 2xPop
3 14 5 10
9.4% 15.6%
Table 3.4: The force-free nature of each rope maybe represented by the thermal
pressure of the plasma. The number of double populations in relation to the force-
free nature is shown.
3.4 The Electric Field within Flux Ropes
The electric field in the solar wind is given by:
Esw =−vsw∧Bsw (3.27)
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3.4.1 Solar Wind Electric Field
The solar wind electric field, given by Equation (3.27), plays an important role in
governing ion and electron motion. The solar wind has been derived from using the
∼ 1 hour portion of the orbit farthest from the planet. We use data from ASPERA-4,
in particular moments taken from CCATi, to calculate instantaneous values of E. As
the X direction is along the plane of spacecraft motion the YZ-plane is chosen to be
inspected. This analysis was conducted with data from 2007 (electric field near solar
minimum) and 2011 / 2012 (approaching solar maximum). Both show a grouping
within 2.5 mVm−1 in all co-ordinates (Figure 3.12). However the electric field for
2011 shows a lack of data points in +Ey −Ez. Of course the distribution of the points
and their random nature is as expected as the solar wind is highly variable.
3.4.2 Electric Field in Flux Ropes in 2006
Figure 3.13 depicts an orbit path with a flux rope encounter. Also shown is the electric
field strength in the YZ-plane, as calculated with Equation (3.27). The direction of E
is primarily in the YZ-plane in the ionosphere. Usually, there is low field strength over
the pole in the XR-plane (Figure 3.13a) and the sign of the x-component of the electric
field changes. In the YZ-plane (Figure 3.13b) there is little field strength over the pole
and generally more on the dayside. A sample of the days without a flux rope was
taken and it shows that the electric field does not dip in field strength significantly at
the poles but it does change direction. However, the VEX MAG does have a tendency
to saturate at the poles, making the electric field measurement dip artificially to zero.
The direction of Esw is primarily in the YZ-plane.
When there are flux ropes the solar wind electric field in the YZ-plane has no dis-
cernible pattern perhaps due to insufficient data. In many cases there is no solar wind
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(a) Electric field strength in the YZ-plane for 2007.
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(b) Electric field strength in the YZ-plane for 2011.
Figure 3.12: Electric field strength in the YZ-plane for 2007 and 2011. The colours
indicate the quadrant each measurement came from.
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(a) Electric field strength in the XR-plane.
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(b) Electric field strength in the YZ-plane.
Figure 3.13: An example of the orbital path and electric field in the XR- and YZ-plane.
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Electric Field Mean Directions in Y and Z in Flux Ropes
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(a) Electric field strength in the YZ-plane.
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(b) Electric field magnitude vs. Diameter.
Figure 3.14: Showing every flux rope used in this study. The red coloured points are
the direct bisections and the black are grazing impacts.
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data for the day in question. Each days data is split into parts; 1) planetary pass and
2) solar wind section, (often missing). The mean electric field in the YZ-plane of the
flux ropes are random, as were the solar wind electric fields. The direction of the SW
electric field bears no relation to the flux rope electric field direction. Figure 3.14a
shows all of the flux ropes in 2006 and their mean ionospheric direction in the electric
field in the YZ-plane. There are 26 flux ropes calculated in both the electric field and
hodograms. Occasionally the electric field data (calculated using the velocity moment
from ASPERA-4 ELS using the CCATI program) does not switch on at the same dates
as the magnetic field data. So, there are some missing days when the flux rope ion
composition and the electric field could not be calculated. The red diamonds indicate
which are direct bisections. When the electric field strength in the YZ-plane is plotted
there is no pattern, but the FRs that cut through the centre in general we observe a
lower field than those having grazing impacts. Perhaps, the electric fields are higher
on the outside edge of the flux ropes and lower on the inside. The grazing impacts, not
passing through the centre, do not pass through the lower field. One exception to this
was on the 11th November (DOY 315). This DOY 315 FR was a direct bisection and
nothing else unusual seems to stand out. In the YZ-plane it is average in electric field
strength and its diameter and SZA with altitude is in the normal range. Figure 3.14a
is the mean field strength of each flux rope in the YZ-plane. Red diamonds indicate
direct bisections. The electric field magnitude (in millivolts per meter) was plotted
against the diameter (in km). The electric magnitudes are below 5 mVm−1. As for the
other cases there is no discernible pattern emerging and the correlation coefficient is
nearly equal to zero.
There are two examples of magnetic hodograms in Figure 3.15a (a direct bisection)
and Figure 3.16a (an off-centre passage). The red point is the start of the encounter
with the flux rope and blue is the end of this event. The smallest eigenvalue, Bλ3,
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represents the normal and Bx3 is the eigenvector in the normal direction, nˆ. B3 presents
the magnetic field in the direction of minimum magnetic variation and, B1 represents
the direction of maximum variation. A small value of Bλ3 compared to Bλ2 and Bλ1 is
a sign of a good fit in Bλ3 (Sonnerup and Scheible, 1998). The normal vector is classed
as reliable when the magnetic data gives a Bλ2/Bλ3 ≥ 10. In the situation depicted
in Figure 3.15a the eigenvalue of minimum variance is smaller than the maximum
eigenvalue, Bλ1 ≫ Bλ3 and the Bλ2/Bλ3 greater than 10 with the B3 is the indicator
of the normal vector. Hodograms for flux ropes are in the co-ordinates specific to
that flux rope. From the magnetic hodograms it can be seen that some of the FR are
bisected through the centre, seen as a straight vertical line in the B1 vs. B3 view. There
are 12 direct bisections and 8/12 have orientations of +Ey +Ez, 2 have +Ey +Ez to
−Ey +Ez and 2 are omnidirectional. The direct bisections appear more likely to be in
a +Ey +Ez configuration but there are not enough flux ropes to verify the finding.
3.4.3 MVAE: Maximum Variance Analysis of Electric Fields
The MVAB method obtains good normal directions, where good is defined as Bλ2/Bλ3≥
10, in about 50% of cases. The high failure rate motivated the search for a better
solution. Sonnerup and Scheible (1998) describe the Maximum Variance Analysis of
Electric Fields (MVAE) as another method of finding the normal. There is a strong
link between the magnetic field and the convection electric field, characterized by
Equation (3.28) where Ec = convection electric field, v = velocity and B = magnetic
field:
E(m)c =−v(m)∧B(m) (3.28)
∇∧E =−∂B∂t = 0 (3.29)
nˆ∧∆E = 0 (3.30)
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Hodogram for the Flux Rope on the 2006-08-29
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(a) MVAB of a flux rope that is a direct bisection. λ1, λ2 ≫ λ3
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(b) MVAE of the same FR. λ1 ≫ λ2 ≈ λ3.
Figure 3.15: The magnetic field hodograms (MVAB Subfigure 3.15a) and the electric
field hodograms (MVAE) on the 29th of August 2006. Both graphs in Subfigure 3.15b
show the same event, the bottom is expanded to show more of the shape.
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Hodogram for the Flux Rope on the 2006-07-11
Created by: Gemma Guymer, Aberystwyth University on Wed Jul 02 08:21:24 2014
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(a) MVAB of a flux rope that is a direct bisection.
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(b) MVAE of the same FR.
Figure 3.16: The same as Figure 3.16a but for the 11th of July 2006
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nˆ is the normal vector to the current layer and ∆ = the change across the discontinuity.
The variance equation from Sonnerup and Scheible (1998) is:
MEµν = 〈EµEν〉−〈Eµ〉〈Eν〉 (3.31)
Where the maximum variance eigenvector of this equation becomes the predictor
of the normal of the boundary, there are two ways to calculate the normal vector;
iteratively as seen in Sonnerup and Scheible (1998) (Equation (3.36)) or by calcu-
lating the average plasma velocity, υ (Equation (3.32)) and the Alfve´n velocity, u
(Equation (3.33)) in the normal direction (Westerberg, 2007):
υn = 〈ν
(m)〉 · x1 (3.32)
un =±
〈
B(m)√
µ0ρ(m)
〉
· x1 (3.33)
µ0: Permeability of free space. ρ: Density
〈B〉 ≡
1
M
M
∑
m=1
B(m) and 〈ν〉 ≡ 1
M
M
∑
m=1
ν(m)
Giving the velocity of the plasma relative to the spacecraft:
VMP = (υn−νn)x1 (3.34)
The convective electric field in the frame moving with the layer:
E’(m) = E+VMP∧B(m) (3.35)
E’(m) = E+unnˆ∧B(m) (3.36)
unnˆ: is the unknown velocity of the moving frame
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ME
′
µν = 〈E
′
µE
′
ν〉−〈E
′
µ〉〈E
′
ν〉 (3.37)
Equation (3.37) is the matrix of variance for the electric field transformed with it
travelling with the magnetic field. The maximum variance eigenvalue, Eλ1, becomes
the indicator of the normal nˆ and the eigenvector becomes the direction of this normal
but it will have to be calculated iteratively. In the Westerberg formula (Equation (3.35))
the normal direction (nˆ) and the maximum eigenvector is given by the electric field
hodogram (MVAE) from Equation (3.31), the v and ρ from the ASPERA-4 ELS gives
an actual value of E’(m). In MVAE the normal vector requires that the constraint at
Eλ1 ≫ Eλ2,Eλ3 is met. In the electric field version of MVAE the maximum vector
is taken to be the normal vector whereas the normal vector in MVAB is the minimum
eigenvector due to the E-field being perpendicular to the B-field.
The MAG instrument has a data resolution of 1 Hz whereas the ELS has a resolution of
0.25 Hz. To get them on the same resolution scale we averaged 4 MAG data points and
1 ELS datum point, thus reducing the number of data points. Subfigure 3.15a shows
the MVAB for the 29th August and its counterpart the MVAE in Subfigure 3.15b. The
top MVAE has the same scale as Subfigure 3.15b and Subfigure 3.16b for ease of
comparison. The bottom Subfigures have different scales to discern any small scale
differences. Figure 3.16b has the axes mVm−1 and has the electron eigenvalues shown.
The MVAB has 2 distinct shapes of a flux rope in the B3 vs. B1 view; one for the
direct passage and one for off-centre. The MVAE also has 2 shapes in E3 vs. E1, one
is circular/horseshoe in appearance (Figure 3.17 right) and the other is crossing itself
(Figure 3.17 Left). When the horseshoe E3 vs. E1 then the E2 vs. E1 is crossing itself.
Conversely, when E3 vs. E1 is crossing itself then E2 vs. E1 is shaped as a horseshoe.
However, there is no apparent link between the direct passage (as shown by the MVAB
(Figure 3.15a)) and the type of the electric field hodogram (Figure 3.17). In the case of
the electric field eigenvalues are ideally, Eλ1 ≫Eλ2 ≈Eλ3 although Eλ1 ≫Eλ2 >Eλ3
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Figure 3.17: λ3 vs. λ1 for the 11th July (left) and the 2nd December (right) 2006
can occur and it is more likely (Sonnerup and Scheible, 1998). There are 5 flux ropes
(sample of 26) which do adhere to this constraint, where Eλ1 ≫ Eλ2,Eλ3. So, the
MVAB is better than MVAE in finding the normal of flux ropes in this sample.
3.5 Conclusions
The aim of this Chapter was to investigate the small-scale structures and flux ropes in
Venus’ ionosphere.
1. In 2006 the solar activity was close to a minimum and the ionopause was higher
in altitude (z ≤ 400). The magnetization state of the ionosphere is important.
If the ionosphere is magnetically saturated then it is unlikely to contain many
flux ropes. The magnetic field inside the ionosphere was ≤ 10 nT, leading to
the conclusion that the most prevalent magnetization state of the ionosphere is
non-magnetic. Magnetic hodograms were drawn to test the validity of the flux
ropes then checked with Wei H.Y. (2006 -personal communication). Within the
limited scope of flux ropes given by Wei H.Y. there is no preference for force-
free or non-force-free (dips in the pressure were found)
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2. A link between a flux rope and a double-population of ions is doubtful. The χ2
test for the probability was negative so the fact that they can turn up at the same
time appears coincidental. It is more likely that they are due to the movement
of the ICB within the accumulation time of the IMA, so the IMA cannot resolve
the two structures.
3. The diameter, the SZA and the buoyancy of all of the flux ropes were tested
to check the relationship to altitude. As the flux rope decreases in altitude (z)
the SZA increases; thus when the ropes sink they drift anti-sunwards over the
terminator. The diameter increases with decreased altitude and the buoyancy is
decreased with decreased altitude; the heavier flux ropes (ωapp ≥ 1.5) are those
who have greatest SZA and least altitude.
4. Minimum variance analysis of magnetic fields (MVAB) is 50% accurate at find-
ing the normal. This is better than maximum variance analysis of electric fields
(MVAE) which is 11.54% accurate at finding the normal. Unlike the MVAB
which has a distinct shape when there is a direct bisection, the MVAE has no
standard shape for direct bisections and grazing impacts.
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CHAPTER4
Boundary Locations and the Transition
Parameter
4.1 Introduction
This study aims to classify the locations of the plasma boundaries of Venus, namely the
bow shock (BS) and the magnetic pile-up boundary (MPB), using the data collected
by the Venus Express magnetometers, electron instrument and the IMA (Ion Mass
Analyser). The different boundary layers at Venus are affected by numerous different
controls. Boundary layers undergo rapid fluctuations under the influence of changes in
the solar wind such as wind dynamic pressure, north-south components of interplan-
etary magnetic field (IMF) and the propagation of waves along the boundary surface.
Although Venus has no intrinsic magnetic field an induced magnetosphere is caused
by the magnetic and electric fields embedded in the solar wind. When the north-
south component of the solar wind magnetic field encounters an induced south-north
field the fields interact and join together. This is important for reconnection. Zhang
et al. (2012) found a evidence for magnetic reconnection. These fluctuations make it
difficult to establish the position of the boundary using time series data as the boundary
may pass over the sensing instrument more than once. By observing the relationships
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between two properties of the data set a parameter may be defined which characterizes
the boundary crossing for those properties. This is known as the transition parameter
(TP). The transition parameter has been used in past studies by Bryant and Riggs
(1989), Hapgood and Bryant (1990) and Lockwood and Hapgood (1997) to resolve the
issue of multiple boundary crossing in low resolution data sets at Earth. The method
was originally implemented with electron data collected by AMPTE-UKS (Active
Magnetospheric Particle Tracer Explorers - United Kingdom Satellite) to define the
crossing of the magnetosheath and was based on an observed anti-correlation between
the number density and mean energy of electrons as the spacecraft passes across the
boundary. Bryant and Riggs (1989) were the first to apply a transition parameter,
defined using electron data, to re-order magnetic field data at Earth. This re-ordering
produced consistent patterns in the data as the boundary was crossed. They assumed
that in the region the spacecraft was crossing only position, and not structure, was
changing.
Identifying the characteristics in the electron data either side of the boundaries allows
a transition parameter to be fitted to the data. The transition parameter can then be
applied to independent data sets and classify the boundaries in these data. In this
manner the IMA data sets, which have only 192 seconds resolution, may be ordered
with respect to the transition parameter.
4.2 The Plasma Layers
We begin by summarising some characteristics of the different plasma regions and
boundaries regions around Venus:
1. Solar Wind:
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• Low magnetic field strength ∼5nT
2. Bow Shock:
• Reduced plasma velocity
• Increased plasma temperature
3. Magnetosheath:
• Large amplitude wave activity in B and |B|
• Anisotropy of parallel ion temperature towards the ionopause
4. Magnetic Pile-up Boundary and Magnetic Pile-up Region (MPR):
• Increase in |B| by a least factor of ∼2
• Reduced fluctuations in B
5. Ion Composition Boundary and Ionosphere:
• Low |B|
• Increased O+ density and decreased H+ density
When travelling from the solar wind to the magnetosheath:
• Both magnetic field magnitude and magnetic fluctuations will increase.
• The ion temperature will increase and velocity will decrease.
• The transition from the magnetosheath to the magnetic pile-up region will demon-
strate increased magnetic field magnitude, reduced directional variability, and
piled-up fields. The number density of protons will drastically decrease.
Moving from MPB and the magnetic pile-up region (MPR) to the ionosphere:
• Decreased magnetic field magnitude
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• Composition changes to favour oxygen over hydrogen.
The observations of the boundaries are described in (Kallio et al., 1998): The bow
shock is closest to Venus during solar minimum moving outwards as solar EUV in-
creases. Due to mass loading with Venusian O+ ions added to the solar wind flow
because increasing the EUV increasing the rate of photoionisation, as seen in the
model comparing solar maximum conditions to solar minimum in Kallio et al. (1998).
Another observation is the magnetic field piles up on the dayside forming the magnetic
barrier or the magnetic pile-up boundary (Zhang et al., 2008). The boundary is identi-
fied by a sudden decrease of wave activity, an increase in field draping and an enhanced
field magnitude. The dynamic pressure of the solar wind gets converted to magnetic
pressure at the boundary and then the magnetic pressure gets replaced with planetary
ion thermal pressure near the ionosphere. The location and shape of the bow shock
has been found both by observation and 3-dimensional MHD modelling (Kallio et al.,
1998), gasdynamic models (Spreiter and Stahara, 1992) and hybrid models (Brecht
and Ferrante, 1991). The models have simulated the magnetic barrier close to the
planet and the model by Kallio et al. (1998) successfully simulated where the magnetic
pressure gets replaced with ion thermal pressure.
4.3 Method of Automatic Recognition of Boundaries
The data used for this section comes from the IMA, MAG and ELS. The time reso-
lution for the IMA is 192 seconds for the IMA and both the MAG and ELS have a
resolution of 4 seconds. A complete year of data was used from the 1st of January to
the 31st of December 2007, an interval close to solar minimum; and the year from 1st
of June 2011 to 31st of May 2012 in the rise to solar maximum. Work by Whittaker
(2010) determined boundary location according to the ion count rate from IMA. Each
boundary type, bow shock and ICB, was identified by the difference in pixel fill from
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one elevation scan to the next. As the resolution is higher for MAG and ELS than the
IMA they are more sensitive to turbulence and see more transient phenomena.
4.3.1 The Electron Bow Shock at Solar Minimum
In simple dayside orbits the dayside bow shock is seen as an abrupt rise of magnetic
magnitude (or magnetic pressure) and also, an abrupt rise in electron counts (and their
thermal pressure, calculated from electron data using the CCATi software provided
by Fra¨nz et al. (2013) from the background solar wind (Figure 4.1a). These are easy
to detect. However, these cases are not the norm. The bow shock may be seen as a
steady increase or there may be a foreshock (see Section 1.6) (Figure 4.1b). Simple
automatic identification of these bow shocks, using only this constraint, is unreliable.
A method using the rise in electron thermal pressure was used. First, an abrupt rise
from the previous data point (P-1) was used, defined as a jump of 3 times the previous
pressure (P). If the condition is met then the bow shock is registered. If not then the
algorithm takes the second previous point (P-2) and see if it is 3 times greater than
P then the BS is registered and so on until P-4. This method was called the 5-jump
method. The bow shock was registered at the start of a set as opposed to an average
point. The nightside bow shock is generally difficult to determine due to the pressure
drop behind Venus, due to a decay along its flank. A factor of 2 drop (as opposed to
3) in the electron pressure between a data point and its subsequent 4 data points was
used to make up for the decrease in pressure. This method has shown varied success
as shown by Figure 4.2. In an effort to make it more accurate several attempts were
made to fit the bow shock using a 5-jump method using (a) the magnetic magnitude
data (b) a combination of the ELS and MAG data and (c) the maximum of the electron
pressure. These methods also gave mixed results with more variation than expected.
Next a noise reduction method was tried:
• First, a boxcar smooth was applied to the electron thermal pressure.
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(a) 18th January 2007
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(b) 2nd May 2007
Figure 4.1: Examples of Electron thermal pressure, magnetic magnitude O+ c/s and O+ spectrum on 18-01-2007 (4.1a Left column)
distinct boundaries. On 02-05-2007 (4.1b right column) maybe multiple crossing or ramping of the electron pressure and magnetic
magnitude. The third panel, O+ c/s, was calculated with a boxcar maximum agorithm.
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(b) 22nd January 2007
Figure 4.2: Examples of good and bad fits. Subfigure 4.2a is the 18th January 2007 is a good fit, in all of the parameter shown, electron
pressure, ion count rate and the magnetic magnitude (except the nightside ICB). Subfigure 4.2b is the 22nd January 2007 is a bad fit. The
vertical line are the boundaries as found by the 5-jump method. Red: Dayside bow shock. Purple: Dayside MPB. Light blue: Dayside
ICB. Green: Nightside ICB. Nightside bow shock.
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Figure 4.3: Left: Bow shock using the 5-jump (red) with the Whittaker et al. (2010b)
curve plotted in black. Right: Using the noise reduction method (black).
• The mean of that was taken.
• For the dayside we took a value of 2.2 x mean as the background, anything below
this threshold was considered to be noise for this method. For the nightside we
took 2. x mean.
• The noise was discarded.
• Then, the 5-jump method was applied to the noise-removed data.
Figure 4.3 shows the 5-jump method (on the left) and the noise reduction method (on
the right). Also shown is the Whittaker et al. (2010b) bow shock curve.
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Figure 4.4: The 2007 and 2011 bow shock was found manually in Figure 4.4a (2007)
and Figure 4.4b (2011). Shown in red is the modelled Whittaker et al. (2010b) curve;
which had a subsolar point is 1.2398 Rv. Figures 4.4c and d are the modelled curves
using the noise reduction method. The subsolar bow shock positions are 1.12 Rv
for 2007 (Figure 4.4c) and 1.285 Rv for 2011 (Figure 4.4d). Shown in red is the
polynomial fit of the line-of-best-fit.
4.3.2 Bow Shock Position in 2011/2012 Compared with 2007
Figure 4.4 shows the best fit positions obtained by using different methods for bow
shock location, and compares the best fit positions found between solar minimum
(2007) and solar maximum (2011). We used 2 methods, a manually found (by eye)
and the noise reduction method. For the manually found crossings (Figure 4.4a (solar
minimum) and Figure 4.4b (solar maximum)) the polynomial curve of Whittaker et al
was used as the guidepost. These manually found crossings agree with the Whittaker
et al. (2010b) model for 2007 in the dayside but they diverge as it progresses into the
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nightside. In 2011 the bow shock crossings are located outside the modelled curve
in the dayside and inside on the nightside. This is in accordance with Zhang et al.
(1990) who stated that the bow shock in cycle 22 (beginning in 1986 and ending in
May 1996) had a higher sub-solar point in solar maximum than at minimum. The
bow shocks at solar minimum and maximum derived by using the noise reduction
method are shown in Figure 4.4c and d. The bow shock curve was fitted using a least-
square polynomial fit without any weighting factors. The fits obtained give a subsolar
altitude of 1.12 Rv for the solar minimum (2007) and 1.285 Rv for solar maximum
(2011). The Subsolar point obtained for solar minimum is clearly much too close as
the closest model, Whittaker el at, was found at 1.24 Rv.
Noise Reduction Whittaker (2010)
2007 Subsolar Point 2011 Subsolar Point 2006 Subsolar Point
1.12 Rv 1.285 Rv 1.2398 Rv
Table 4.1: Subsolar point through noise reduction.
4.3.3 Hodogram Projections of Boundaries
As a confirmation of the boundary identifications, a magnetic field hodogram was
plotted for each orbit. The method is the same as Section 3.1 (Sonnerup and Cahill,
1967). The solar wind magnetic field is small, uni-directional and, usually fairly
constant thus the hodograms display a compact look as seen in the top left hand of
Figure 4.5.
Then, the magnetic hodograms displays a change; from low variance and low magnetic
magnitude (5 − 10 nT) in the solar wind to the magnetosheath distribution which has
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Figure 4.5: Hodograms of the boundaries. B1: Maximum variance direction B3:
Minimum variance. The hodogram of the entire dayside orbit the colours indicate
how far though the orbit it is.
higher variance and an increasing magnetic magnitude. This boundary is the bow
shock. In the magnetosheath (shown in orange to red, lower left of Figure 4.5) the
variance of magnetic field is large. The magnetic pile-up boundary (top right) is the
border of the ionosphere and there is a discrete jump from the magnetosheath to the
MPB / MPR (magnetic pile-up region). The ionosphere displays a marked difference
from the MPR.
4.4 Transition Parameter
4.4.1 Electron Density vs. Electron Temperature
Transition parameters are calculated using a pair of measurements which characteris-
tics the transition through a particular boundary. The first pair examined were electron
number density and electron temperature. Moments were calculated from electron
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data using the CCATi software provided by Fra¨nz et al. (2013). In the solar wind the
electron number density and temperature should be fairly consistent, however, as the
spacecraft crosses in the bow shock and enters into the shock jump the temperature
would be expected to rise due to the increased fluctuations of the plasma. Then, the
plasma parameters decrease again as the spacecraft enters the magnetic pile-up region
as shown in Figure 4.6. The transition parameter is useful when the plasma parameters
are not well ordered with respect to time, for example in Figure 4.7 (Page 85).
Figure 4.6: Displayed are the temperature and density of the electrons on the 18-01-
2007. 1: Solar Wind. 2: Bow Shock. 3: Magnetic Pile-Up Boundary. 4: Ionopause.
5: Pericytherion. (All plasma regions/boundaries are approximate by eye).
In Bryant and Riggs (1989) a straight line was fitted to the electron density and tem-
perature data:
x = log(Ne)− k log(Te) (4.1)
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In a later paper by Hapgood and Bryant (1990), however, the process was more in-
volved. First, they fit a simple curve through the data. Each data point is then projected
onto that curve. Then, by calculating the distance along the curve of that projected
point from an arbitrary origin a raw transition parameter, x, could be attained. The final
transition parameter was then defined as a percentage travelled through the transition
of the raw version. The normalisation was carried out the using the equation:
T P = 100∗
(
x− xmin
xmax− xmin
)
(4.2)
The procedure used in the calculations which follow for obtaining a transition param-
eter from the electron temperature and the density is as follows:
1. Obtain temperature and density moments from the ASPERA-4 ELS data using
the CCATI software.
2. Temperature and density were plotted, ordered with time. Diamonds show when
each point is recorded in time (Figure 4.7).
3. A line is fitted through them. The line used was a cubic polynomial fit. In
general, this was the lowest order curve which provided a good fit.
4. Determine the distance between the data point and the curve.
5. Determine the distance from the origin of the fitted curve to the required point.
This is the raw transition parameter in Equation (4.2): x.
6. Do this for all data to find the values of xmax and xmin
7. Apply Equation (4.2) to obtain TP value for each point.
Independent time series data sets (for example ion or magnetic field measurements)
can now be reordered using this transition parameter to represent the location of a
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Figure 4.7: Displayed are temperature and density of the electrons on 18th January
2007 during the boundary crossing bow shock to the magnetic pile-up boundary.
particular measurement within the transition region (i.e. as a percentage transited
through the boundary). The transition parameter thus may be used to describe and
classify boundaries in these independent data sets. In this manner the poorly resolved
IMA data sets (192 seconds resolution) may be ordered with respect to the transition
parameter, so that we may build up a description of the ion behaviour across the
boundary.
4.4.2 The Dayside Electron Transition Parameter
Figure 4.8 shows the electron temperature and density taken between the bow shock
and the magnetic pile-up boundary as raw data points, reordered in different ways. The
boundary locations were calculated using the noise reduction method. In Figures 4.8a
and b the data are displayed in a time dependent form. In Figure 4.8c they are grouped
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Figure 4.8: The dayside transition parameter applied to the electron density and
temperature. The positions of the bow shock and the MPB are marked; the leftmost
plot is for the 5-jump method and the rightmost plot is the TP.
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Figure 4.9: The bow shock from the 5-jump method (left) and the 5-jump transition
parameter (right). Plotted are the entire year’s worth of orbits from 2007.
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Figure 4.10: The bow shock from the noise reduction method (4.10A) and the noise
reduction transition parameter (4.10B). Plotted are the entire year’s worth of orbits
from 2007.
together by transition parameter. The transition parameter groups together similar
properties. Note, however, that since the transition parameter groups together plasma
with similar properties, the four points in the lower left, which are in fact in the solar
wind, are erroneously classified as MPB. Since the purpose in this case is to identify
the bow shock, this is not a problem.
This, then, provides an alternative means of automatically identifying boundaries.
Figure 4.9 shows the output of the 5-jump method of the bow shock identification
(4.9A) and the associated transition parameter (4.9B). On the nightside the initial
boundary fit came from the 5-jump algorithm, and then the TP was applied. The
transition parameter is split by dayside orbits and nightside orbits. This was done as
the temperature profile is so different on the nightside giving it a unusual shape. On the
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dayside the temperature and density were low in the solar wind and a large increase in
both parameters occurs at the bow shock. On the nightside the temperature is highest
in the ionosphere not the nightside bow shock, thus a transition parameter based on
the temperature would not be appropriate.
As the TP has been proven to be inaccurate in the nightside it is not used for the noise
reduction method (NR) (Figure 4.10). Although the NR has no outliers it appears to
be less accurate; with a cluster of points about the x = 0 → 0.5, r = 0.5 → -0.5 range
(Figure 4.10B). A comparison between the 5-jump method and the NR demonstrates
that the 5-jump is more suited to the application of the transition parameter. Thus
the 5-jump TP was used for the up-stream (x ≥ 0) BS, the nightside was fitted by the
straight NR (Figure 4.11). This combination gives a subsolar point of 1.29 Rv for solar
minimum and the NR gave 1.285 Rv.
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Figure 4.11: The 2007 (4.11A) and 2011 (4.11B) bow shocks. 2007 found by the
combination of the TP and the noise reduction. The 2011 bow shock was found by
noise reduction.
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2007 Subsolar Point 2011 Subsolar Point 2006 Subsolar Point
Combined TP & NR Noise Reduction Whittaker (2010)
1.29 Rv 1.285 Rv 1.2398 Rv
Table 4.2: Subsolar point though combined TP and noise reduction (2007) and noise
reduction (2011).
4.4.3 Occupational Probability
The orbital path of Venus Express is such that the subsolar bow shock region is never
crossed and as the spacecraft has increased velocity nearest to pericytherion the data
points taken here have the greatest positional uncertainty. Figure 4.12 is from Whit-
taker, Guymer et at. (2010b) and showing the error bars for the IMA. This uncertainty
shall be dealt with by an algorithm proposed by Whittaker (2010) and Whittaker,
Guymer et at. (2010b) here named the Spatial Probability Distribution (SPD) method
which adds an appropriate weighting factor to all data points in an effort to minimize
sampling error. While it would be expected that the magnetometers and ELS should
give a greater positional accuracy than IMA due to their increased time resolution use
of the SPD could make it more accurate still.
The occupational probability is found by using orbital mechanics and VEX’s position
in its orbit (Figure 4.13). It is based on the eccentric anomaly (E) (Equation (4.3)),
mean anomaly (M) (Equation (4.4)) and true anomaly (θ), where M, E and θ are
angles. The true anomaly is the point that the spacecraft makes with the focus (Venus)
and the mean anomaly will change with time. The eccentric anomaly is an intermediate
step from the true to mean anomalies, where the eccentric anomaly is the angle from
periapsis to the VEX position on the auxiliary circle.
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Figure 4.12: A diagram from Whittaker, Guymer et at. (2010b) depicting the error of
the bow shock position from ASPERA-4 VEX.
E = a · cos
[(
1−
r¯
a
)
e−1
]
(4.3)
M = E− e · sinE (4.4)
dM = 〈E1− e · sinE1〉〈E2− e · sinE2〉 (4.5)
Where:
E is eccentric anomaly
M is mean anomaly
e is the eccentricity of the orbit
a is the semi-major axis
r is the distance of Venus to the orbital path
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Figure 4.13: Orbital mechanics.
The automated procedure used is as follows:
1. Each orbit is mapped onto a grid, and the squares through which VEX has passed
are identified.
2. For each grid square that the spacecraft passes through the locations are taken
and the time difference taken to traverse the grid is recorded.
3. Each data point within this square is then given a weighting dependent on this
value.
A full explanation is given in Whittaker (2010) and Whittaker, Guymer et al. (2010b).
The results of this procedure when applied to IMA data are shown in Figure 4.14. It is
seen that the altitude of the sub-solar point derived is lower than that of any previous
study.
91
4.4. TRANSITION PARAMETER
Figure 4.14: A comparison of previous models (Whittaker et al., 2010b).
Figure 4.15: Picture from Whittaker et al. (2010b).
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Occupational Probability with Magnetic Field Data
The same method is now applied to magnetic field data. From the noise reduction
method applied to MAG data bow shock loci with a subsolar point of 1.12 Rv (2007)
and 1.285 Rv (2011) were derived above (Figures 4.4c and d page 80). As remarked
previously, the 2007 bow shock is too close to the planet. By using the SPD method
and adapting this to the MAG data it was hoped the bow shock altitude would be a
more reasonable value. We employed the same basic method as was implemented
with the IMA to get a SPD of the ions. The grid square is user defined so the method
adopted was to start with a low spatial resolution and then work up in spatial resolution,
until the results converge. As seen in Figure 4.15b, VEX spends varying amounts of
time within each grid square (shown in seconds), thus making it possible to assign
a weighting to each time, different for each cell. Clearly adjusting the weighting of
the crossings in each cell will change the best fit curve. In an extreme case, if the
weighting were high enough in cell [3, 0] and low enough in cells [6, 0] and [6, 1] then
the orbital path would intersect the planet.
The result of varying the grid size is shown in Figure 4.16 where the least-square
regression curve representing the bow shock is shown in red. Figure 4.16a, with a grid
size of 0.1 Rv it shows a derived bow shock with a subsolar point of 0.97 Rv which is
inside the planet. The accuracy is then gradually increased until an asymptotic point
is reached, a grid resolution of 0.001 Rv, giving the result in Figure 4.16c. This gave
a sub-solar bow shock of 1.12 Rv. The same procedure was followed for the 2011/12
bow shock giving a position of 1.162 Rv (Figure 4.16d). These are much closer to the
planet than the average of previous studies which is 1.327 Rv in solar minimum and
1.297 Rv at solar maximum. For both 2007 and 2011 the asymptotic values of the SPD
method underestimates the bow shock as demonstrated in Figure 4.17 and Table 4.3.
In Table 4.4 is a summary of the different methods and a comparison of previous bow
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(c) 2007 subsolar point: 1.12 Rv
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The 2011 Bow Shock Position
(d) 2011 subsolar point: 1.16 Rv
Figure 4.16: The plots (Subfigures 4.16a and 4.16b) show the effect of gradually
increasing the bin size on the subsolar point. The final spatial probability distribution
for 2007 (Subfigure 4.16c) and 2011/12 (Subfigure 4.16d).
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shock models. In all our results we assume the the spacecraft is quasi-perpendicular to
the bow shock.
Figure 4.17: Showing the outcomes for the SPD at varying box sizes. The asymptotes
occurring at bin size 110 both for solar minimum and solar maximum.
2007 Subsolar Point 2011 Subsolar Point 2006 Subsolar Point
Noise Reduction Noise Reduction Whittaker (2010)
1.12 1.285 1.2398
Asymptotic SPD Asymptotic SPD Whittaker (2010)
1.12 1.16 1.2398
Table 4.3: Subsolar points in Rv.
4.4.4 Ion Parameters with the Electron Parameter Transition
As the IMA has a temporal resolution of either 24 seconds (for c/s scans) or 192
seconds (for density or temperature scans) the bow shock and other boundaries are
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Author Subsolar point Solar cycle
Slavin et al. (1984) 1.277 Entire solar cycle
Russell et al. (1988) 1.33 Entire solar cycle
Zhang et al. (1990) 1.283 Maximum Magnetic data
Guymer with TP+ 1.285 Maximum Magnetic data
Guymer with SPD∗ 1.16 Maximum Magnetic data
Martinecz et al. (2008) 1.422 Minimum Ion data
Zhang et al. (2008) 1.32 Minimum Magnetic data
Whittaker et al. (2010b) 1.24 Minimum Ion data
Guymer with TP⊕ 1.29 Minimum Magnetic data
Guymer with SPD⊗ 1.12 Minimum Magnetic data
Table 4.4: A comparison between the different modelled bow shocks.
+ With the noise reduction taken then the noise reduction transition parameter.
∗ With the noise reduction then maximum spatial probability distribution.
⊕ The combined method then transition parameter.
⊗ The combined method then the maximum spatial probability distribution.
ambiguously sampled. To correct this the electron transition parameter (eTP Fig-
ure 4.18a) will be used as a control to reorder ions as shown in Figure 4.18b. The
top panels of Figures 4.18a and 4.18b have slightly different time scales.
Electron time: 07 : 22 to 07 : 34
Ion time: 07 : 24 to 07 : 34
The electron plot uses the entirety of the data range from the bow shock to the magnetic
pile-up boundary. The ion plot uses only ones within the interval where:
Electron time [0]≤ Ion time ≤ Electron time [end]
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(a) A time series of log electron density and transition parameter (eTP). The red
line indicates where the eTP puts the bow shock. The transition parameter goes
from the red line, the new bow shock to the MPB.
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(b) A time series of linear ion density and ion transition parameter (iTP).
Figure 4.18: The linear density time series and TP for the 2nd January 2007.
Which is why the eTP and iTP can be of different lengths: The electron spans 01:00 to
03:00 then the ions span 00:50 (3000s) to 02:55 in 192 second intervals. So, the start
time relative to the electrons is 01:00:00 (3600s). The ion time at 00:59:48 (3588s)
does not satisfy the constraint. The next instance of the ion time that matches up is
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01:03:04 (3784s). The TP groups together similar parameters so when the electron
transition parameter is applied to the ion measurements this gives the ion transition
parameter (iTP Figure 4.18b bottom panel). The bow shock found by the transition
parameter method is shown by the red vertical line in Figure 4.18a, this is a more
likely position for the bow shock than the previous method. Next we will look at
the ICB. The bow shock is used as the lower boundary and pericytherion (Peri) is
used as the upper boundary to examine the ICB with respect to the eTP. There are
more data points when this approach is taken. A new bow shock was determined
and a comparison made between the ICB and MPB positions. The magnetic pile-
up boundary on the dayside can be reliably found at the place where the magnetic
pressure is at a maximum. The dayside ICB is found when the major ion switches
from singly ionised hydrogen to singly ionised oxygen. Likewise the nightside ICB
has been crossed when H+ is dominant again. Some argue that the MPB and ICB
occur at the same point in time (e.g. Bo¨ßwetter et al. (2004) at Mars). However,
there is some discrepancy between their measured positions in our data. Some of this
may be due to the low time resolution of the ion instrument. Usually the MPB occurs
before (outside) the ICB. The MPB was recognised by a rise in magnetic magnitude
of at least 2 and reduction of fluctuations in the x-, y- and z-components (in the VSO
frame). The ICB was determined to be where the major ion population changes from
H+ to O+. The top plot in Figure 4.19 shows the progression of density with time. The
lower plot shows the eTP and iTP (red H+, aqua He+ and blue O+). Here we have
taken the periapsis as opposed to the MPB as the lower limit of the transition, yielding
more points and including both ICB and MPB in the range. In general the MPB occurs
before the ICB but the distance between them is within an IMA resolution point (192
seconds). So, the ICB and the MPB are likely to occur at the same IMA sample.
An alternate method is shown as a histogram (Figure 4.20) depicting the time dif-
ference between the two boundaries in the x-axis, with zero time set when the ICB
98
4.4. TRANSITION PARAMETER
06:48 06:52 06:57 07:01 07:05 07:09 07:14
Time [UTC]
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
N
 [c
m-
3 ]
BS MPd ICB P
0 20 40 60 80 100
TP
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
N
 [c
m-
3 ]
ICBBS MPd P
Electron and Ion Density vs Time & Electron Transtion Parameter
Boundaries: Bow shock to Pericytherion
Figure 4.19: Top: Log of densities vs Time. Bottom: Densities vs TP. Black electrons.
Red H+. Aqua He+. Blue O+. The vertical lines are the plasma boundaries. Red
bow shock (BS). Purple magnetic pile-up boundary (MPB). Green ion composition
boundary (ICB). Blue pericytherion (P). For 5th February 2007
and the MPB are observed simultaneously. The number of bins are arbitrary, 30 bins
were chosen to closely resemble the accumulation time of the instrument. The results
indicate that in most cases of crossing of the MPB boundary is observed first. The
peak lag is around 150 seconds corresponding approximately to but slightly less than
one IMA accumulation period.
4.4.5 Superposed Epoch Analysis
Superposed Epoch Analysis (SEA) is a data analysis tool which is applied to time
series data to look for systematic trends in behaviour. It takes the data and averages in
relation to a chosen fiducial event, in this case the boundary crossing in the ICB. The
event signal will remain and all other influences will tend to average out (Hartmann,
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Figure 4.20: Histogram of all of the cases (218 in all) of the ICB and the MPB
boundary crossings.
2003) and it tries to identify a characteristic response, in this case to all boundary
crossings in 2007. The epoch was taken to be the crossing of the bow shock and the
end of the epoch was pericytherion. The fiducial event is the crossing of the ICB in
time. Only the dayside boundary was used for this analysis as the nightside is less
distinct.
In Figure 4.21 the red dotted trace is the average. The first quartile (Q1) corresponds
to the 25% level. The black is the median average or second quartile (Q2). The third
quartile separates the lower 75% of the data from the upper 25% of the data. The
interquartile range (IQR) is the difference between the Q3 and Q1 quartiles (IQR =
Q3 - Q1). The SEA algorithm takes a window of events and divides them, so if for
example there are 5 data points on the left of the boundary and 5 points on the right
(data is symmetrical) then the SEA takes all 11 data points. If, however, there are 5
data points on the left and only 1 on the right then the SEA takes 3 points, it makes the
distribution artificially symmetrical by removing the 2 data points on the left. Usually,
the ICB occurs at the far right of the time series plot, usually the penultimate data point
or the final point; so the SEA is not statistically valid or rigorous. It would be invalid
to use the TP data set. Therefore, it was elected to use 5 IMA slides (16 min 20 sec) on
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Figure 4.21: Ratio: O+ / H+. The red is the mean. The black trace is the median. The
shaded, purple region is the interquartile range (IQR) is the difference between the
upper and lower quartiles. (IQR = Q3 - Q1). The dotted, grey line denotes the zeroth
event, the ICB. For ∼ 300 days spanning 1st January to 25th November.
either side of the epoch. Figure 4.21 is the ratio of oxygen to hydrogen densities with
the interquartile range (purple), the mean (red) and the median (black) drawn on top.
The means and the median average are composites from all the data used. Figure 4.22
is the same but for oxygen to helium ratio.
It should be noted that Q1 (lower edge of the purple region) has the same shape for
both H+ and He+. The median average has the same shape too. After the ICB there are
more differences in IQR, Q3 and the mean. In the period before the ICB the ratio of O+
to H+ is low (the median is approaching 0); indicating that the hydrogen concentration
(and density) is higher than the oxygen concentration, as expected in the solar wind.
The ratio of O+ to He+ is higher than the previous ratio meaning that close to the ICB
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Figure 4.22: As 4.21 but for Ratio: O+ / He+.
the He+ is weaker in concentration when compared to H+. A ratio of 1 means that the
densities or O+ and H+ or He+ are the same. Both the IQRs are narrow meaning that
there is little variation in density while ASPERA-4 IMA was in the SW. In the pre-ICB
region O+ < He+ ≪ H+.
At the ICB, O+ concentration is higher than at all other times. At the ICB O+ ≫
He+ ≫ H+. (And the mixing ratio of both H+ and He+ to the O+ is greater than 1:1).
There is a greater variation (the spread of points is bigger) in H+ than He+ as shown
in the IQR, O+ / H+ ≈ 2.25 and O+ / He+ ≈ 1.4, indicating that the He+ does not
change much. However, the mean (red dotted line) is much higher in the IQR, showing
that the analysis is dominated by a few very high O+ events. (For example, if the IQR
were to be divided up by 4 the mean would be in the top 3rd).
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The ionospheric part (i.e. post-ICB) of the orbit varies in the time spent in the iono-
sphere and this may affect the epoch. For instance, a terminator orbit takes ∼ 2 IMA
scans (6 minutes 32 seconds), such is the cause of the raised reading just after the
ICB, and the subsequent decrease. The IQR is broader post-ICB both in H+ and He+.
The O+ / H+ mean is much higher in the IQR from epoch (0s) to 400s where the
mean exits the IQR through the upper boundary. The mean does not go back through
the IQR again although it does echo the shape of the IQR. This would be expected if
there was an outlier in the ratio pushing up the mean but not the IQR or the median
because the median is less sensitive to outliers. In the O+ / He+ graph, post-ICB,
there is a reduction of the MEAN but the IQR is broader. This may indicate a source
of helium production within the ionosphere which is not always present. Hence the
greater variance in He+ to O+ when the H+ to O+ is decreasing. The boundary is
crossed according the hydrogen yet the He+ remains higher.
4.5 Conclusions
In this Chapter plasma and magnetic boundaries were investigated namely, the bow
shock, and magnetic pile-up boundary (MPB) and the ion composition boundary (ICB).
The bow shock was examined for an entire year from 1st January to 31st December
2007 and from the 1st of June 2011 to the 31st of May 2012. This allowed both solar
minimum and solar maximum to be observed. The MPB and the ICB were observed
only in 2007. To compare easily with other models the bow shock is parameterised by
its subsolar point, at which sunlight hits perpendicular to the planet. Many different
methods were attempted to fit the bow shock:
1. 5-jump transition of electron thermal pressure
2. Noise reduction of electron thermal pressure
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3. Transition parameter
4. Spatial probability distribution (SPD)
Since the transition parameter relies on the rise in temperature and density, it works on
the dayside but the transition parameter method does not work for the nightside bow
shock due to the lack of a rise in temperature profile. In 2007 the best fit of bow shock
model is obtained using the 5-jump transition on the dayside and the noise reduction on
the nightside. In the case of Venus at solar minimum the derived height is 1.29 Rv. The
2011 bow shock is given by the method of noise reduction yielding a subsolar point of
1.285 Rv. Using the above numbers, the spatial probability distribution method gave
an asymptotic value of the bow shock as 1.12 Rv (minimum) and 1.16 Rv (maximum).
The magnetic pile-up boundary and the ion composition boundary occur at the same
point in space, within the accuracy of the IMA full-3D scan (192 seconds). However,
Superposed Epoch Analysis and the histogram (of crossing vs. time) suggest that the
ICB is slightly lower. The constraint O+ > H+ seems to work well for ICB location.
Characteristic compositions are:
1. Pre-ICB: O+ < He+ ≪ H+.
2. At the ICB O+ ≫ He+, H+.
3. Post-ICB: O+ > He+ > H+ (according to the MEAN & Q3).
4. Post-ICB: The median oxygen dominates until the penultimate point.
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Mass Loading at Venus by Solar
Transients
5.1 Introduction
The effect of solar transients upon planetary bodies can be very varied, with structures
in the outflow of mass from the Sun producing different effects. We specifically look
at mass loading which is common in many space plasmas. It is when a solar transient,
like a comet, deposits particles in the solar wind, thereby changing its local properties
such as density and composition.
We concentrate in particular on associated composition changes and associated pick-
up ions (PUI). Pick-up ions are produced in two main ways, photoionization and
impact ionization (Luhmann, 1995b). Photoionization occurs when solar EUV pho-
tons with energies greater than the ionization potential (IP) of the neutral species are
present, producing an electron and ion e.g. hv (≥ IP) + O−→ O+ + e−. If the velocity
of the newly created ions are greater than the escape velocity of Venus (∼10.3 kms−1)
then they will become pick-up ions, trapped on interplanetary field lines. The other
method of pick-up ion creation is particle impact ionization, more commonly referred
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to as charge exchange. When a hot solar wind ion comes into contact with a cold
planetary ion then they can exchange charge e.g. H+ + O−→ H∗ + O+. This is known
as the primary particle, the first atmospheric neutral to be hit. If the newly created
ion is moving at sufficient velocity it will escape. A primary particle can produce
secondary electrons which are energetic enough to cause further impact ionization.
From past results (Luhmann et al., 2008; McEnulty et al., 2010) they have energies
(eV/q) of greater than 1 keV to ∼10 keV.
In this Chapter we investigate ion characteristics and the magnetic field within the
Venus magnetosphere during encounters with a Co-rotating Interaction Regions (CIR),
Coronal Mass Ejections (CME) and a comet. We present a number of case studies of
these structures arriving at Venus.
1. Co-rotating Interaction Region on 30th May 2007.
2. Coronal Mass Ejection arriving on 21st April 2007, 25th May 2007 and 26th May
2007.
3. The comet 2P/Encke arrived at Venus on the 22nd April 2007 together with a
CME. This rare occurrence is a good opportunity for studying mass loading and
pick-up ions together.
4. We further examine CMEs arriving in 2011 and 2012 and compare their arrivals
with the predictions of the WSA-Enlil model (Davis (2012), Odstreil et al.
(2008)).
5. Finally, we present a comparison between the differences in solar cycle; solar
minimum / maximum and the CME/Enkce CMEs in terms of the bow shock
position is presented.
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5.2 Observations
Data from the Venus Express instruments, ASPERA-4 (IMA and ELS) and the MAG
were used for this investigation. The STEREO HI (Solar Terrestrial Relations Obser-
vatory Heliospheric Imager), an instrument onboard the SECCHI (Sun Earth Coro-
nal and Heliospheric Investigation) spacecraft, was used to capture the CMEs and
2P/Enckes tail disconnection. Throughout, we use the CL (Penou, 2012) and CCATi
(Fra¨nz et al., 2013) software analysis tools described in Chapter 2. During April and
May 2007 several interesting solar wind events passed over Venus; the disconnected
tail of comet 2P/Encke, a CIR and 3 CME fronts, displayed in Figure 5.1 and 5.2.
Figure 5.1 shows the ASPERA-4 IMA spectrum for all ions measured by IMA: H+,
He++, He+, O++2 , O+, CO+, O
+
2 and CO
+
2 . The time range is from 1st April to the
31st of May 2007. We see that in this solar minimum period, the periodic structures
of slow and fast streams in the solar wind are clearly visible as cyclic changes in the
solar wind average energy. The red vertical lines indicate where each case study event
Figure 5.1: The energy spectrum with time and count rate. For the period of 1st April
until 31st May with various points of interest marked. A) 21st April (DOY 111): The
first CME. B) 22nd April (DOY 112): 2P/Encke arrives C) 23rd April (DOY 113): The
front of the CIR D) 30th April (DOY 120): The trailing edge of the CIR E) 24th May
(DOY 144): The second CME F) 25th May (DOY 145): The third CME
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Figure 5.2: The above events zoomed in. Labelled are the first CME (A), 2P/Encke
(B), CIR front (C), the second (D) and third CME (E)
occurred. The first represents the first CME impacting with Venus on the 21st April.
The second on 22nd when the CME / comet was projected to strike Venus. C and D
indicate the dates between the leading and trailing edge of the CIR with the Stream
Interface Region (SIR) occurring at D. With the slow wind starting on the 23rd and the
fast wind front of the CIR reaching Venus on the 30th of April. Figure 5.2 shows the
same events on much shorter time scale to pick out details.
5.3 Planetary Conditions During Non-Mass Loading
Conditions
Figure 5.3 shows an average planetary pass (excluding the solar wind part of the orbit),
displaying H+ (top) and O+ (bottom) ions. At the BS all ions experience heating,
acceleration and turbulence when the flow encounters the shock, which leads into the
ionosheath, characterised by turbulence and low oxygen. At the ICB (Ion Composition
Boundary) the composition changes from mainly H+ to O+. The ICB marks transition
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Figure 5.3: Typical plot of an IMA pass on 2007-01-08. In energy-time-count rate. Shown are H+ (top) and O+ (bottom).
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(a) 8th January.
(b) 17th February 2007.
Figure 5.4: 8th January and 17th February 2007 showing the difference in ionosheath
duration due to orbital effects. 5.4b is a terminator pass, short time in the ionosphere.
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from the ionosheath, which contains planetary oxygen. Once past the periapsis point
the composition changes back at the nightside ICB. The time spent inside the nightside
ionosheath is much longer than the dayside in this case due to the orbit of VEX (Venus
Express) in this case, as shown in Figure 5.4.
5.4 Co-rotating Interaction Region
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Figure 5.5: Proton characteristics for April and May of 2007. The black trace is
though periapsis and the red trace is though apoapsis. Shown are pressure, velocity
and density. The first purple line is the 23rd of April, the suspected start of the slow
wind section. The second is the end of the slow wind and commencement of the fast
wind on the 30th of April.
On the 23rd April 2007 a suspected CIR was detected flowing outward from the Sun
by Dorrian et al. (2010) with STEREO HI. Interpreted as a start of the co-rotating
interaction region and it is marked C on Figure 5.1. The end time of the CIR (with
the stream interface) is marked by D, the modelled arrival time at Venus was given by
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Whittaker et al. (2010a) as sometime between 30th of April to 1st of May, the latter is
marked D on Figure 5.1.
Figure 5.5 shows the proton characteristics; thermal pressure (panel 1), velocity (panel
2) and density (panel 3) taken by IMA and analysed by CCATi (Fra¨nz et al., 2013). On
21st April (day-of-year (DOY) 110) the proton speed reaches a peak (∼280 kms-1 at
periapsis) and decreases steadily until the speed reaches a minimum on 28th April, just
before the fast / slow wind interface. The proton speed then begins to increase again.
The average speed of protons in the solar wind following the interface remains greater
than before. When the CIR was launched, on 23rd April (DOY 113) the proton density
is at a minimum but steadily increases until the 30th (DOY 120) where the density and
energy reach a maximum, indicating that this is the compression boundary between
the slow and fast streams. The density drops significantly on the 1st May (DOY 121).
The density then increases at the interface, where it peaks, and then decreases.
Figure 5.6: The energy spectrum from 00:00 UT on the 29th April to 00:00 UT on the
2nd May.
Figure 5.6 demonstrates the change in energy between the 30th (the interface) and the
1st of May (fast wind) where the ions had a greater spread of energies. The solar wind
energy was∼ 300 eV on the 29th April. On the 30th the energy was higher between 300
eV− 1 keV. The fast wind on the 1st had a energy of 1keV− 2 keV. These parameters
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would support the theory that between the 21st and 29th April Venus is immersed in
the fast solar wind. The energy of the solar wind on the 29th is lower than on any
other day. Then, the instrument encounters a stream interface on 30th April. On the
1st of May it is then immersed in the slow stream solar wind. The magnetic field data
between the lines C and D (Figure 5.7) saw a lot of change. The apoapsis magnetic
field magnitude reaches its lowest value (3.3 nT) on the 29th April. This is the lowest
throughout the entire two months of this study. The magnetic field magnitude reached
a maximum on the 30th April (12.8 nT) which is the last day of the CIR, the interface
layer. The periapsis field is lagging behind, so that it does not reach maximum until
1st May. The mean magnetic field at periapsis and apoapsis overlaid with the ion
densities for the same periods is shown in Figure 5.7. It can be seen that peaks in the
magnetic magnitude are aligned with peaks in the ion densities. It would be expected
that regions of solar wind compression, i.e. a co-rotating interaction region, would
cause a pile-up of magnetic field and compression of ions.
5.5 Coronal Mass Ejection
Prior to the comet’s arrival, there was a CME which approached Venus and would later
encounter the bow shock. Its estimated launch time was at 17th April 2007 at 23:36
(Davis, 2012) with a velocity between 296 kms−1 and 343 kms−1. This gives it an
arrival time at Venus of between 02:00 and 15:00 UT on the 21st of April. The ions in
the nightside solar wind and those in the nightside ionosheath look similar to average
conditions in direction and energy but there is an atypical response in the ionosphere
(Figure 5.8). The dayside solar wind displayed more variance of energy (06:32 UT
(bow shock) to ∼07:15 UT), perhaps evidence of a fore shock in a strong, compressed
solar wind. The foreshock is something that happens when the normal direction of
the bow shock to the incoming solar wind particles is not 0 (not head on) but between
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Figure 5.7: The average magnetic magnitude and the density of all ions at periapsis
(top) and field during solar wind passage (bottom) vs. Day of Year. The markings are
the same as in Figure 5.1
45◦ to 90◦, a quasi-perpendicular shock. In a quasi-perpendicular shock the incoming
solar wind gets reflected increasing the turbulence, induces small changes in velocity
and this has the same effect as if they were colliding. Figures 5.8 and 5.9 display
the relative quantities of hydrogen and oxygen during this time. In Figure 5.8 the top
spectra is H+ and the lower is O+. The hydrogen spectra between 05:21 to 05:53
UT show increased turbulence in the nightside ionosphere, indicated by the greater
spread of the energy distribution of hydrogen ions. There was also a strong signature
of ions with mass ≥O+. The hydrogen was greater than average and O+ was very
high compared to the rest of April. Figure 5.9 shows the count rate was reaching a
peak at ∼2 x 105 (at the ICB) and another jump at ∼06:00 although not as large as the
first. The average was about half of this value. The O+ density was also increased, in
particular in the dayside ionosphere.
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Figure 5.8: H+ (A) and O+ (B) in energy-time-count rate on 2007-04-21 showing
oxygen pick-up ions (panel D) indicated by a red circle. The plamsa boundaries are
indicated by red vertical lines: BS nightside: 04:01:52. IC nightside: 05:21:14. IC
dayside: 06:19:14 BS dayside: 06:32:12.
At 05:25, at the nightside ICB, the energy-mass number-count rate plot shows that H+
and O+ were present at the same time not just saturation of the hydrogen line. The H+
splits into 2 populations, one low energy and low count rate the other higher in energy
and low count rate. Later, at 05:41 UT, the H+ splits into two directions, the lower is
still in the solar wind direction and the higher is not. Once the spacecraft reaches its
closest approach the hydrogen signature disappears, but it recurs in the next frame. It
is more pronounced between 06:00 to 06:11 UT. After 06:18 the population of ions
becomes hydrogen only and non-unidirectional. There is a population of extremely
high energy oxygen ions (high energy is a signature of pick-up (McEnulty, 2012)) but
only in one frame (Figure 5.8D), circled in red. This instance if pick-up ions was
comprised mainly of ≥O+. The energy of the particles was ∼8 keV, an energy which
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Figure 5.9: Count rate vs. time for H+ and O+ on the 21st April 2007
falls within the expected range of O+ pick-up ions, McEnulty et al. (2010) found the
pick-up signature is between >1 keV to 10 keV (the limit of the IMA is 30 keV).
To check whether pick-up ions in the nightside ionosphere of Venus are often associ-
ated with CMEs the confirmed case of a CME interaction was examined. The CME
began on the 24th May 2007. However, there is some discussion as to when it arrived.
Whittaker (2010)’s analysis puts the arrival of the first CME on the 24th May at 17:00
UT and the second CME on the 25th May at 15:00 UT. Rouillard et al. (2009) were of
the opinion the CMEs arrived on the 25th at 04:00 and the 26th at 02:00 UT. Figure 5.10
displays the overall characteristics for the 20th to 30th May and the proposed arrival
times the CMEs according to Whittaker (2010)’s (red lines) and Rouillard et al. (2009)
(green lines). For Whittaker (2010)’s arrival time there is no coverage by IMA but
looking at the bulk characteristics for the 10 days surrounding it, it is possible to attain
some data for analysis. Luhmann et al. (2008) state that a CME would disturb the
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Figure 5.10: Whittaker’s proposed arrival times (red lines) and Rouillard et al. (2009)
proposed arrival times (green lines). Figure 5.11 shows the SW scan after the first red
band (24th / 25th).
plasma for a few days therefore it is reasonable to assume that the CME could be
responsible for most of the subsequent effects. There is a decrease in H+ and O+
energy from 2.5 KeV to 1 KeV and 2 KeV to 400 eV respectively in the solar wind
but an increase in count rate (c/s). The 25th and the 26th displays the highest count
rate and the lowest energy. Note that the O+ count rate seems to increase before the
Rouillard et al. (2009) onset time, but this may be a residue of an event the day before.
It is possible that it is the regular fluctuations in the 27 day cycle in the solar wind as
opposed to the effect of the CME.
The first red line in Figure 5.10 is the CME front of the Whittaker CME pair and
it occurs slightly before the IMA turns on. The IMA scan of the solar wind scan on
the 24th / 25th May is depicted in Figure 5.11A and Figure 5.11B. From comparison
with the scan before 23rd May (not shown) there is little difference in energy or count
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(a) The solar wind section of the orbit
(b) The planentary pass
Figure 5.11: The solar wind section of the 24th / 25th May A) H+ and B) O+; The
spectra on 2007-05-25 C) Hydrogen spectrum D) Oxygen spectrum E) The ionosheath
day parts of the O+ spectrum. F and G) are the EMCr plots showing potential region
of O+ pick-up.
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Figure 5.12: Panel A (H+) and B (O+) show the solar wind section on the 25th / 26th
May. Panel C and D show the planetary spectra on 2007-05-26 C) Hydrogen spectrum
D) Oxygen spectrum. Panel E is the ionosheath day parts of the O+ spectrum. Panel
F and G are the EMCr plots showing potential region of O+ pick-up. The pick-up ion
signature (subfigure F) is marked by a red circle.
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rate, showing very little disturbance. Subfigures 5.11C to G shows the 25th May 2007
where there are some potential pick-up ions. Subfigure 5.11C shows the data taken in
the region of the ionosheath. Subfigures 5.11D and 5.11E show where there might be
some pick-up O+; 5.11D shows slight pick-up in ions with mass≥O+ (we assume that
it is O+ but the IMA has more difficulties resolving ions with masses O+ (Barabash
et al., 2007)) with energies of ∼7 keV. Subfigure 5.11E shows spreading up the O+
line from 100 eV up to 3 KeV. On the 25th / 26th solar wind scan (Figure 5.12 A and
B) there was a little more H+ and O+ count rate, and lower modal energy. There was
also a greater spread in energy. There was more clear pick-up on the 26th May 2007
(Subfigure 5.12F and G). The pick-up ions in Subfigure 5.12F had an energy of ∼3
keV and the composition of the pick-up was ions with mass ≥O+. Subfigure 5.12G 1
keV and the same composition as Subfigure 5.12F.
5.6 Coronal Mass Ejection coupled with 2P/Encke’s Tail
Fragment
Figure 5.13: The disconnection event seen by STEREO HI. Left: 2P/Encke is not yet
affected by the CME. Middle: 2P/Encke is brightened by the CME material and is
about to disconnect. Right: 2P/Encke’s tail is completely disconnected
On the 20th April 2007 a CME was launched from the Sun which would reach Venus.
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Figure 5.14: View of the CME interaction with 2P/Encke on 20th April 2007 (Vourlidas
et al., 2007). The comet is 0.34 AU away from the Sun and its tail is pointed at ∼45
from the Sun-Earth line.
2P/Encke suffered a disconnection event (DE) (Dorrian et al., 2008) as seen by STEREO
HI Davis (2012) in Figure 5.13. The comet was approximately 0.34 AU away from
the Sun and its tail was pointed at ∼45◦ away from the Sun-Earth line (Vourlidas
et al., 2007) (Figure 5.14). Diagrams from JPL (2013) indicate that Venus could be
in line of 2P/Enckes tail fragment (Figure 5.15). From watching the movies from
STEREO HI of the CME / comet interaction the tail fragment was disconnected at
2007-04-20T18:50 ±40 minutes UT. Mass loading includes the cometary ions, from
the sublimation of cometary molecules etc. and the standard solar wind. There are two
options for the speed at which the mass loaded solar wind will be arriving at Venus
(Figure 5.16):
1. Assuming the slower speed (solar wind speed is constant at 420 kms−1) the tail
fragment arrived at Venus on the 22nd April at ∼09:14 UT ±40 mins and had a
duration of ∼5 hours, which means it had an end time of 13:11 ±40 mins.
2. Assuming the faster speed (the speed of the CMEs is constant at 500 kms−1) it
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Figure 5.15: The JPL solar system simulator picture for the 22nd April 2007.
will encounter Venus on the 21st April at ∼23:05 UT, and had a duration of 4
hours. The IMA would have been switched on for one hour.
3. The most likely scenario is the extra mass from the cometary tail fragment slows
the CME somewhat, giving an uncertainty in the velocity. In which case VEX is
better able to capture the event.
Figure 5.16: CL scan for the 20th to 23 rd April 2007, the first red line is where the tail
fragment was projected to disconnect from the comet. The second line is where the
faster solar wind (500 kms−1) was expected to arrive and the third is the slower speed
(420 kms−1).
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On the day of arrival of the comet (Figure 5.17) there is no heavy ion component in the
nightside ionosphere (Figure 5.17B). Also, in the nightside there is a faint signature
of O+ pick-up from 05:27 until 05:49 UT. At this point there is little O+ in the
magnetosphere but there is a signature of oxygen pick-up. In the dayside ionosphere
there is a higher than average count rate of heavy ions and there is an unusual energy
signature in H+ in the ionosphere from 05:50 until 06:15 shown in Figure 5.17A by
the red box. It is unusual in that it has high energy hydrogen ions in the ionosphere.
Figure 5.17C through H shows the EMCr plots for the period in question. Panels C,
D and E shows that heavy ions, most likely O+, were responsible for the high energy.
The ions were still in the solar wind direction. Subfigures E and F show the species
Figure 5.17: A and B show the 2007-04-22 H+ and O+ in energy-time-count rate. C
though H showing the EMCr plots of 05:27:04 to 05:43:04 UT. The plasma boundaries
are found to be: BSn: 04:14:16 ICn: 05:52:28 ICd: 06:17:40 BSd: 06:32:00 marked 1
in black.
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change to He+ and a small amount of O+. Subfigure F shows the data taken just prior
to entering the ionosphere.
5.7 Magnetic features of the 21st April and 24th May
CMEs
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Figure 5.18: The magnetic spectra on the 21st April, as measured by VEX dual
magnetometers. The top panel shows the magnitude and the bottom panel shows the
three Cartesian co-ordinates of the VSO system (bottom), red is Bx, dark blue is By
and blue is Bz. Orbital effects, like the bow shock both night, day and the dayside
foreshock are marked at 04:00 UT, ∼06:40 UT and ∼07:00 in red. The Bz rotation is
shown in green.
When an interplanetary coronal mass ejections (ICME) we should expect to see in
the magnetic field components an initial interplanetary shock and field pileup in the
ICME sheath, followed by a smoothly rotating solar ejecta fields lasting for up to 2
days. The Pioneer Venus Orbiter (PVO) observed enhanced interplanetary solar wind
dynamic pressures and magnetic fields such as those seen in ICME and increased O+
escape (Luhmann et al., 2006). VEX now routinely measures escaping O+ fluxes
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with definitive mass identification in an energy range of 0.01 to 30. keV (Luhmann
et al., 2008). Luhmann et al. (2008) saw a leading shock jump and sheath (compressed
solar wind) region, followed by larger than average, low-variance, smoothly magnetic
fields, a high dynamic and thermal pressures, a compression of solar wind ahead of
fast moving ejecta and heating of the solar wind plasma. Again, a typical duration of
the entire disturbance is 1 - 2 days.
The magnetic signature of the CME has been documented as a dip in the Bz component
(in the VSO co-ordinate system) of more than -40 nT by Whittaker (2010) while
Luhmann et al. (2008) identified CMEs which do not have such distinct markers.
The solar wind magnetic environment of the 20th through the 22nd April was noisy.
Therefore it is difficult to make clear conclusions. However there was no definitive
dip in Bz for the 21st April in the region of the projected arrival time of the CME
(Figure 5.18). Bz does drop from 10 nT to -10 nT and By oscillates at approximately
02:20 UT (marked by a green vertical line), as per Lindsay et al. (1994). The orbital
characteristics are marked as well, the nightside bow shock at 04:00 UT, the dayside
bow at ∼06:40 UT and there was a foreshock between the bow shock to ∼07:00 UT.
Figure 5.19 shows the magnetic magnitude (|B|) and components (x (red), y (blue), z
(light blue)) for the 24th, 25th and the 26th May. Using 24th May, before the projected
arrival time as a control, the magnetic magnitude was only ∼29 nT in the planetary
pass. At the point where Whittaker puts the CME there is no magnetic disturbance,
either in magnitude or direction. It is not until 20:00 UT on the 24th May that there is
an increase of magnetic magnitude and variance in direction. And it is not until 23:00
UT that a reversal in the z-coordinate of the magnetic field (Bz) occurs and it is only
10 nT to -10 nT.
The Rouillard et al. (2009) dates and times would most likely reach Venus as opposed
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(a) 24th May 2007
(b) 25th May 2007
(c) 26th May 2007
Figure 5.19: Magnetic field for the 24th, 25th and 26th May 2007. The red lines are
Whittaker et al. (2010a) arrival times. Green lines are those Rouillard et al. (2009).
The black lines show the enhancement of the field at ∼06:00 UT to ∼07:00 UT in all
the plots shows the orbital effects of the planetary passage, the bow shocks and MPB.
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to the Whittaker et al. (2010a) times. Moreover, the Rouillard et al. (2009) times
seem to offer a better match to the observed ion effects. Therefore, it would seems
appropriate to put the CMEs arrival timings at 24th May 2007 at 23:00 UT and at 2:30
UT on 26th May 2007 based on the point at which the magnetic z-coordinate shows
a rotation. When the CME arrived we observed increased ion density, count rates,
decreased average energy and an increase in ionospheric magnetisation. There was
an increase in magnetic component variance (in VSO Cartesian co-ordinates) and an
oscillation of the y-components of magnetic field (Lindsay et al., 1994). Also, there
was an increase of escaping O+ ion pick-up in the nightside (∼1 keV/q - 5 keV/q).
5.8 Pick-up Ions and Magnetic Rotations
Pick-up ions were observed on the pass of 22nd April 2007. In Figure 5.20 these pick-
up ions are shown to correlate with a magnetic rotation about the x-coordinate. There
are pick-up ions on the 21st April but not as distinct. There is a more smooth rotation
around the magnetic x-coordinate on the 26th May but there is no rotation seen on the
25th May. This may be due to having saturation at the point when the pick-up occurs
but the surrounding magnetic x-coordinate does not suggest a rotation.
There are several examples of pick-up ions; 24 cases (in the range log [count rate]
of 0 to 5; there may be more below this range) in the sample of a year (2007) including
one observed by Luhmann et al. (2008) (14th February 2007). This ion phenomenon is
accompanied by magnetic rotations in 66% of cases. The magnetic rotations are in the
Bx in the VSO frame of reference. They are sharp rotations, where the rotation takes
only a few seconds. The orientation of the pick-up ion trajectories will change with the
changing orientation of the ambient field (Kivelson, 1995). The pick-up process, E ∧
B becomes ineffective when E and B are nearly parallel, since the convection electric
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Figure 5.20: Top: Oxygen spectrum on the 22nd April 2007 showing pick-up. Bottom:
The magnetic field components with the plasma boundaries shown in black for the
bow shock, and light blue for ICB.
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field vanishes (Luhmann et al., 1987). Saul et al. (2003) found that PUIs persisted
for all orientation of the IMF, but the PUIs are more prominent as the field came
more perpendicular to the solar wind velocity. As the magnetic field rotates to a more
parallel direction (with respect to the solar wind flow) the pick-up ions could drop out
the acceptance angle of the IMA, causing to record a dropout of ions. However, no
work was done with this.
5.9 CMEs for 2011 and 2012
The following work uses the WSA-Enlil solar wind prediction model iSWA (iNte-
grated Space Weather Analysis System). The WSA-Enlil is named after the Sumerian
god of winds and storms, Enlil.
Figure 5.21: Example of an Enlil picture.
The Enlil code is a 3D magnetohydronynamic (MHD) numerical model for simu-
lations of background solar wind and transient disturbances in the inner- and mid-
heliosphere. As input it uses the Wang-Sheeley-Arge (WSA) model, an empirical and
physics-based coronal model applied to solar surface magnetic data. The model is
based on an ideal (MHD) description of the solar wind (Odstreil et al., 2008). and
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microscopic processes are neglected (Odstreil, 2004).
The WSA-Enlil only became available to the wider community from 2011, after solar
minimum had passed so it is useful for examining the current solar maximum only. 3
days have been chosen for comparison with Venus Express data, 2011-11-05, 2012-
02-02 and 2012-02-12 where in each case there are modelled CMEs. A typical output
is shown in Figure 5.21 indicating CME arrival at Venus. The shape out-lined in red is
the modelled CME and a green circle is used to represent Venus.
5.10 CME on the 5th November 2011
Figure 5.22 shows the orbit, Energy-Time-Count Rate (ETCr) survey spectra and Enlil
predictions for 4th November 2011 which was the day before the arrival of the CME
and is used as a control for density (and count rate) and magnetic field. The flat
aspect of the hydrogen and oxygen ions indicates the absence of abnormal activity.
The count rates in both H+ and O+ are low compared next day when the CME
arrives (Figure 5.23). O+ is only observed within the ionosphere (∼07:10 to 07:40
UT). The hydrogen signature between 07:15 to 07:30 UT is reminiscent of the H+
signature of the 22nd April 2007 (Figure 5.17A on page 123). There is distinct pick-up
signature seen in the high energy O+ at ∼07:45 to 08:00 UT, in the inner ionosheath /
magnetosheath.
On the 4th of November the components of the magnetic field are low and the magnetic
field magnitude rarely goes above ∼50 nT in the ionosphere (not shown). Figure 5.24
shows the situation on the 5th of November. The solar wind shows a high density and
speed as expected from the dense (Wagner, 1984). The temperature (∼105eV) and the
density (∼5 cm−3) were average for the 4th whereas on the 5th there was a increase,
130
5
.10
.
CM
E
O
N
TH
E
5 TH
N
OV
EM
BER
2011
Figure 5.22: CL for the 4th November 2011 showing the orbit in the r vs. x plane (Subfigure A), WSA-Enlil model, the hydrogen spectra
(Subfigure C) and the oxygen spectra (Subfigure D).
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Figure 5.23: CL for the 5th of November 2011 showing the orbit in the r vs. x plain (Subfigure A), WSA-Enlil model (Subfigure B) the
hydrogen spectra (Subfigure C), the oxygen spectra (Subfigure D) and the orbital details. Subfigure E) through I) are the EMCr plots on
the 5th November 2011 showing the pick-up oxygen ions. Subfigure C includes the abnormal H+ signature indicated by the red box.
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Magnetic Field Compoments of 2011-11-05
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Figure 5.24: Magnetic magnitude and magnetic components on the 5th November
2011. Rotations in Bx are shown by the red vertical lines indicating pick-up.
2.3 x 105 eV (temperature), 0.6 nPa (pressure) and ∼15 cm−3 (density).
Rotations in Bx are seen in the time interval shown by the red vertical lines. Pick-up
ions are observed shortly after as indicated. The magnetic signature of the CME has
been described as a dip in the Bz component of more than -40 nT by Whittaker (2010)
while Luhmann et al. (2008) identified CMEs which do not have such distinct markers.
CMEs are comprised of 3 different parts; a bright compression front, followed by a
dark cavity and a bright core inside (Kamide and Chian, 2007). The model by Low
(2001) suggested that CME magnetic field contains a flux rope of helical fields in
the CME cavity. The leading front of the CME is a shell of matter draped over a
ball-like cavity containing the twisted flux rope (Hundhausen, 1999). Surrounding
the cavity flux rope is a high density front, which contains a bipolar magnetic field
anchored in the coronal base. Further from the front, the magnetic field is connected
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to interplanetary space and the other to the coronal base. The CME is driven by the
magnetic flux forcing its way from the corona. ICMEs exhibit large internal field
rotations characteristic of interplanetary magnetic flux ropes (Gosling, 1990), they
have low proton temperatures and stronger than average magnetic fields. In the flux
rope CME the internal magnetic pressure is balanced by the curvature stress of the
field, and these are generally enough for explaining the observed rotations (Lynch
et al., 2009). Although Whittaker (2010) has identified CMEs with a rotation around
Bz the rotations can be in any direction depending on the orientation of the CME flux
rope.
Magnetic field readings on the 5th of November in the magnetosphere are higher in
magnitude, reaching ∼250 nT at the pileup boundary (Figure 5.24) whereas on the 4th
they were rarely above 50 nT. On the 4th the x-component does not show a rotation
as observed on 5th November at around 8:00 noted in Figure 5.24. On the 5th there
are O+ pick-ups which coincide with the reversal in the x-component of the magnetic
field. Figure 5.25 surveys the magnetic field magnitude and the number density at
periapsis, for ten days in early November 2011, centred on the CME on 5th November
(DOY 309) indicated by the vertical line. The density and the magnetic magnitude
reached a maximum which fits well with the values in 2007 (Figure 5.7 page 114),
with increases in |B| and ion density coinciding with the recorded CMEs. Compared
with the 4th the boundaries on the 5th are pushed inwards, both in time and location
from the day before. An effect of increased dynamic pressure. The bow shock occurs
later and the ionopause is further in the atmosphere. There is a peak of magnetic field
magnitude within the ionosphere. ASPERA-4 was taking measurements of the solar
wind between ∼21:00 − 23:30 UT during November 2011. The solar wind pressure
(mainly composed of H+ and He++) and the magnetic pressure (in the same region)
were checked for 4th and 5th November 2011. The average solar wind pressure is
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∼0.005 nPa and magnetic pressure is ∼0.1 nPa. The solar wind on the 4th November
was slightly higher than this average, 0.008 nPa. The magnetic pressure for the same
period average was <0.15 nPa. On 5th November the peak solar wind pressure is
∼0.02 nPa and the magnetic pressure was 1.5 nPa, much higher than 4th November.
Leading to the conclusion that Venus felt the effect of the CME from the early hours
of 5th November and throughout the day. Then returns to the background levels of ion
and magnetic pressure on 6th November.
304 306 308 310 312 314
Day of Year
0.0
6.9
13.8
20.7
27.5
34.4
41.3
48.2
55.1
|B|
 [n
T]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
 [c
m-
3 ]
A
Magnetic Field Magnitude and Ion Density at Periapsis for 2011-11-01 - 2011-11-10
Figure 5.25: Magnetic magnitude and the density at periapsis on the 1st (DOY 305) to
10th November 2011
5.11 CME on 1st of February 2012
A major CME passed over Venus on 1st February 2012. The day before, on the 31st
January 2012, energies and count rates are lower than on 1st and 2nd of February.
During 1st February 2012 there is high density, as expected for a CME event, seen in
the solar wind and magnetospheric signatures, as can be seen in Figure 5.26. Although,
as can be seen in Figure 5.26D there is no evidence of pick-up but there is high energy
O+ ions (>7 keV) are observed on the dayside. The following day (2nd February 2012)
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Figure 5.26: Enlil on the 1st of February 2012. Displaying the extreme CME. Panel A) Orbit. B) Enlil. C) H+ D) O+.
136
5
.11
.
CM
E
O
N
1 ST
O
F
FEBRUA
RY
2012
Figure 5.27: As Figure 5.26 but for the 2nd February 2012
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there is some evidence of O+ pick-up but not as high in energy at 07:13 (Figure 5.27E).
WSA-Enlil predicts that the CME front has passed but there is a 6 hour discrepancy
between the observed times and the model predictions. Figure 5.28 shows magnetic
field data for the interval. The inbound (nightside orbit) magnetic field on the 1st of
February seems average but going out again it is more magnetised with |B| higher
on the dayside than on the nightside. On the next day (2nd February) it is more
magnetized both on the day- and the nightside boundaries. Taking both the 1st and 2nd
of February the Bz component goes though a gradual reversal (negative to positive) at
approximately at 21:00 hrs on the 1st February which is not covered by ASPERA-4.
Luhmann et al. (2008) describe the CME taking 1-2 days to subdue, therefore this
may indicate the CME started on the 1st and finished on the 2nd of February. The
expected progression of a CME is, first there is a shock jump in velocity, from the
ambient unperturbed solar wind speeds (Lang, 2000), ∼350 400 kms−1 at Venus to
the shock jump CME speed which could be as high as 1000 kms−1 (Gosling, 1990).
The resulting compression produces strong magnetic fields and high flow speeds. The
other side to the shock jump, inside of the CME, Henke et al. (2001) documented as
a region of low proton temperature and proton, density increased helium abundance,
smooth rotation of the magnetic field vector, low variance of the magnetic field and
high magnetic field magnitude. The increase in magnetisation would suggest that the
2nd February was the main day of the CME effect, and Figure 5.27(E-H) shows the
pick-up ions observed on the 2nd. However, Figure 5.29 shows that the peak in density
is on the 1st February (marked A). The apoapsis density and magnetic magnitude peaks
12 hours later (also marked A). The day after, on the 2nd, the ion parameters at both
periapsis go through a rapid decrease.
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Figure 5.28: The magnetic spectra for the 1st and 2nd February 2012.
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Figure 5.29: Plot showing 2 CMEs in February. A, DOY 32 (1st February) and B DOY
42 (11th February). Above the magnetic magnitude and density at periapsis. Below is
the same but at apoapsis. The apoapsis is ∼12 hours behind periapsis.
5.12 CME on the 12th of February 2012
A CME passed over Venus on 12th February 2012. The day before, on the 10th of
February 2012 (Figure 5.30) the energy and the count rate of the O+ ions were average
for the month of February. The Enlil model predicts that the CME arrived on 12th
February however ASPERA-4 data shows pick-up on the 11th as well. On the 11th of
February 2012 pick-up starts with an energy of 1.5 KeV (Figure 5.31J) and ends with
energies 4 KeV (Figure 5.31E). There were comparable amounts of O+ on the 10th and
11th of February but the energy on the 11th is higher, and there is more variance. On the
12th of February the pick-up starts at 10 KeV and remains there (Figure 5.32E though
J), the expected PUI is between ∼1 keV and 10 keV. The energy of the main ion flow
is much higher than on the previous days (3 KeV as opposed to 1 - 1.5 KeV). As well
as being higher in energy it was denser than that on the 10th or 11th February. There
is a magnetic reversal on the 11th coinciding with the pick-up event (∼07:00 UT)
as VEX entered the ionosphere. The magnetic environment was quiescent between
08:00 to 16:00 UT on the 11th November 2012. The average magnetic magnitude
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Figure 5.30: CL for the 10th of February 2012 showing the orbit in the r vs. x plain (Subfigure A), WSA-Enlil model (Subfigure B) the
hydrogen spectra (Subfigure C), the oxygen spectra (Subfigure D)
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Figure 5.31: CL for the 11th of February 2012 showing the orbit in the r vs. x plain (Subfigure A), WSA-Enlil model (Subfigure B) the
hydrogen spectra (Subfigure C), the oxygen spectra (Subfigure D) and the EMCr plots pick-ups (Subfigures E thought J).
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Figure 5.32: As for Figure 5.31 but for the 12th of February 2012
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is ∼5 to 8 nT and quiescent in the solar wind and all three components were in a
state of gradual decline at 16:00 UT. Then, it went through an abrupt rise (∼17:00
UT), preceding a major excursion in the magnetic field (Figure 5.33). By ∼22:30
the magnetic magnitude returns to slightly above normal. On the 12th of February,
magnetic magnitude is 5 to 15 nT and fluctuates rapidly. Throughout the ionosphere
passage the x-component shows high variance. This includes the pick-up region. The
boundaries are more pronounced. The disturbance ended late on the 13th February.
Referring back to Figure 5.29 the ion parameters for the CME arriving on 11th Febru-
ary (DOY 315) does not show an elevated density at periapsis. However, the param-
eters, both ion and magnetic measurements show an increase at apoapsis. On 12th
February the increase in magnetic magnitude at periapsis and at apoapsis is slightly
decreased from the 11th of February. The ion parameters at periapsis are depressed but
at apoapsis they are not. The apoapsis measurements are ∼12 hours in advance from
the periapsis and far away in distance which makes the event of 1st much larger than
the event that takes place on the 11th.
5.13 CME / CIR and Comparison with WSA-Enlil Model
CME Evolution
This Section presents 3 cases of CMEs:
1. A CME / CIR interaction on the 5th November 2011. The solar wind goes from
slow wind (250 kms−1) to fast wind (500 kms−1). The solar wind speeds are
taken from WSA-Enlil.
2. A CME in the fast wind on 5th March 2012 at has an initial speed of 500 kms−1.
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(a) 10th February 2012 (prior day)
(b) 11th February 2012 (potential CME)
(c) 12th February 2012 (potential CME)
(d) 13th February 2012
Figure 5.33: Magnetic data for 11th of February 2012 to 13th of February 2012
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3. A CME in the slow wind 13th November 2011 which had an initial speed of 300
kms−1.
5.13.1 Data
Event 1: CME in the Interaction Region CIR (slow / fast) Predicted by Enlil
Date Velocity Density Notes
2011-11-05T00:00 250 16
2011-11-05T06:00 250 16 IMA switch on
2011-11-05T12:00 550 50 CME front 1 (CME / CIR)
2011-11-05T18:00 550 30
2011-11-06T00:00 600 5 Void pt1
2011-11-06T06:00 600 8 CME Front 2
2011-11-06T12:00 500 2 Void pt2
2011-11-06T18:00 500 2 CME has passed completely
2011-11-07T00:00 500 2 void
2011-11-07T06:00 500 5
Table 5.1: Properties of the CME on the 2011-11-05 predicted by Enlil-WSA. Velocity
in kms−1 and density cm−3.
In the slow wind there is high density and low velocity. In the fast wind there is low
density and high velocity. The fast wind at Venus had a density of 5 cm−3, the slow
wind had a density of ∼16 cm−3 which is high even for the slow wind. Table 5.1
shows the progression of the CME of 5th November 2011 which takes 12 hours to
pass (2011-11-005T12:00 to 2011-11-005T018:00). This high density level persisted
for ∼12 hours (2 Enlil frames). Then, the density drops away but not to its lowest
level, at 2011-11-06T00:00 for a frame. However, there may be two fronts passing
Venus which may explain the shorter duration of the reduced density interval. These
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(a) 5th November 2011 06:00 UT (b) 5th November 2011 12:00 UT
(c) 5th November 2011 18:00 UT (d) 6th November 2011 00:00 UT
Figure 5.34: The time sequence on the ICME arrival at Venus: 5th November 2011. The sequence is in 3 parts; 5th November 06:00 UT
- 6th November 00:00 UT (Figure 5.34), 6th November 06:00 UT - 7th November 00:00 UT (Figure 5.35) and 6th November 06:00 UT -
7th November 00:00 UT (Figure 5.36). This Figure shows the run up to the CME (Figure 5.34a) and its arrival at Venus (Figure 5.34b,
5.34c and 5.34d
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(a) 6th November 2011 06:00 UT (b) 6th November 2011 12:00 UT
(c) 6th November 2011 18:00 UT (d) 7th November 2011 00:00 UT
Figure 5.35: The time sequence on the ICME arrival at Venus: 5th November 2011. This Figure shows the CME during its interaction
with Venus and its progression into the void.
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(a) 7th November 2011 06:00 UT (b) 6th November 2011 12:00 UT
Figure 5.36: The time sequence on the ICME arrival at Venus: 5th November 2011. This Figure shows the return to quiescent solar
wind.
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low density regions (voids) behind the main front are a characteristic of WSA-Enlil
predictions. By contrast, the void of 6th November 2011 had a density ∼2 cm−3 and
lasted from 2011-11-06T18:00 until 2011-11-07T12:00 (4 frames, 24 hours). After
which the velocity returns to fast wind ∼500 kms−1 and a density of 5 cm−3.
Event 2: CME in Fast Wind Predicted by Enlil
Date Velocity Density Notes
2012-03-05T06:00 500 3
2012-03-05T12:00 900 35 IMA switch on
2012-03-05T18:00 950 3 CME front 1 (CME / CIR)
2012-03-06T00:00 900 2
2012-03-06T06:00 650 2 Void pt1
2012-03-06T12:00 600 2 CME Front 2
2012-03-06T18:00 550 2 Void pt2
2012-03-07T00:00 550 2 CME has passed completely
2012-03-07T06:00
to 08T06:00 450 2 void
2012-03-08T12:00 350 8
Table 5.2: Properties of the CME on the 2012-03-05 predicted by Enlil-WSA. Velocity
in kms−1 and density cm−3.
A shock wave will develop between the gas ejected by the Sun and the interplanetary
material if the ejecta is moving fast enough; these shocks were inferred from the type II
radio bursts (Gold, 1959). Now, such shocks and magnetised plasma clouds are found
routinely (Lang, 2000). Burlaga (1981) described interplanetary magnetic clouds that
expand as they move away from the Sun. They can twist and spiral out and they can
carry the helical magnetic field with them. The magnetic cloud remains rooted at
the Sun. When CMEs were discovered it was found that all energetic interplanetary
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(a) 5th March 2012 06:00 UT. (b) 5th March 2012 12:00 UT.
(c) 5th March 2012 18:00 UT. (d) 8th March 2012 12:00 UT.
Figure 5.37: The time sequence on the ICME arrival at Venus: 5th March 2012. Subfigure 5.37a showing the run up to the ICME.
Subfigure 5.37b showing the arrival of the ICME. Subfigure 5.37c the ICME passing Venus and Subfigure 5.37d returning the quiescent
solar wind conditions.
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shocks were associated with fast CMEs (Lang, 2000). Shock waves driven by CMEs
can carry along electrons and ions into interplanetary space, crossing magnetic field
lines and accelerating particles. On the other hand slow CMEs, with speeds below the
ambient solar wind speed do not have a shock. As the fast CME moves away from the
Sun pushes an interplanetary shock ahead of it. The CME expands to form a magnetic
cloud. The CMEs speed increases all the way to the shock front, then a rapid speed
decrease to the ambient unperturbed solar wind speeds. The resulting compression
produces strong magnetic fields. The strong magnetic fields and high flow speeds are
commonly associated with interplanetary CMEs (Lang, 2000).
The fast wind (500 kms−1) precedes the CME, which had velocity of ∼900 kms−1
which lasted 3 slides (18 hours) although the density peak lasted for only a slide. The
void lasted 2.5 days. After the void the solar wind had transitioned into the slow wind.
The Slow Wind Predicted by Enlil
Date Velocity Density Notes
2011-11-13T18:00 to 14T12:00 300 10
2011-11-14T18:00 550 50 CME
2011-11-15T00:00 600 30 CME
2011-11-15T06:00 600 2 Void
2011-11-15T12:00 500 2
2011-11-15T18:00 to 16T12:00 450 2 End of void
2011-11-16T18:00 400 5
Table 5.3: Properties of the CME on the 2011-11-15 predicted by Enlil-WSA. Velocity
in kms−1 and density cm−3.
The slow wind had a speed of 300 kms−1 and a density of 10 cm−3 in the surrounding
plasma of Venus. It is typical of Enlil to have a high density and low speed in the solar
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(a) 13th November 2011 06:00 UT (b) 14th November 2011 18:00 UT
(c) 15th November 2011 00:00 UT (d) 15th November 2011 06:00 UT
Figure 5.38: The time sequence on the ICME arrival at Venus: 15th November 2011. The sequence is in 2 parts; 13th November 18:00
UT - 15th November 05:00 UT (Figure 5.38), 15th November 06:00 UT - 7th November 00:00 UT (Figure 5.39). This Figure shows the
run up to the CME and its arrival at Venus.
153
5
.13
.
CM
E
/CIR
A
N
D
CO
M
PA
RISO
N
W
ITH
W
SA
-EN
LIL
M
O
D
EL
CM
E
EVO
LU
TIO
N
(a) 15th November 2011 12:00 UT (b) 15th November 2011 18:00 UT
(c) 16th November 2011 12:00 UT (d) 16th November 2011 18:00 UT
Figure 5.39: The time sequence on the ICME arrival at Venus: 15th November 2011. This Figure shows the CME passing by and its
progression into the void.
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wind. The reduced density region at 2 cm−3 and had a velocity of 600-450 kms−1.
5.13.2 Discussion
When VEX is not at apoapsis and periapsis the IMA is switched off. If WSA-Enlil
were proven to be accurate at Venus, and related to measured ion densities, then it
could be used as a proxy for densities and velocities, albeit Enlil only produces 4 time
steps during that time.
Comparison of predictions by WSA-Enlil to CCATi values for CME / Interaction
Region 2011-11-05
CIR / CME 2011-11-05
Front 1
Enlil Time CCATi Time
Void .25
N Before 16 2011-11-05T06:00 17 2011-11-05T06:00
N CME 50 2011-11-05T12:00
N Void 5 2011-11-06T00:00
N After 8 2011-11-06T06:00
Front 2
Enlil Time CCATi Time
Void 1
N before 5 2011-11-06T00:00
N CME 8 2011-11-06T06:00
N void 2 2011-11-06T18:00
N After 5 2011-11-07T18:00 4.5 2011-11-07T06:00
Table 5.4: Properties of the CME on the 2011-11-05 predicted by Enlil-WSA. The
void length is in days (0.25 is 6 hours and 1 is 24 hours) and all densities are in cm−3
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Fast Wind CME 2012-03-05
Enlil Time CCATi Time
Void Length 2.5
N Before 3 2012-03-05T06:00 3 2012-03-055T03:00
N CME 35 2012-03-05T12:00
N Void 2 2012-03-06T00:00
N After 8 2012-03-08T12:00
Table 5.5: Properties of the CME on 2012-03-05 predicted by Enlil-WSA
Comparing the spacecraft measurements with the model can test the accuracy of the
WSA-Enlil model. Figure 5.40a and 5.40b show the measured hydrogen and the
oxygen densities for the 5th November 05:00 to 11:00 UT while Figure 5.40c shows
the Enlil frame for this interval, just before the CME arrival at Venus. The O+ density
is 13 cm−3 and the H+ as 4 cm−3 in the ionosphere, calculated by CCATi. As Enlil has
produces one frame every 6 hours the CCATi densities were averaged for this period
giving a density of 17 cm−3 while Enlil predicted the density at 16 cm−3, a very good
agreement. The IMA was not turned on for the 6th November. On the 7th November
there was a reduced density∼4.5 cm−3 from CCATi in comparison with the extremely
low 2 cm−3.
Comparison of predictions by WSA-Enlil to measured densities for Fast Solar
Wind CME 2012-03-05
Figure 5.41a, 5.41b, 5.41c are as Figures 5.40a,5.40b, 5.40c. The IMA had a mea-
surement of 3 cm−3 which is in agreement with Enlil. There were no measurements
available of IMA during the CME proper.
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(a) Planetary pass on 5th November 2011
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(b) Solar Wind pass on 5th November 2011
(c) Enlil: 5th November 2012
Figure 5.40: CCATi and Enlil showing the densities of H+ and O+ for the 5th
November 2011 ( 5.40a planetary pass; 5.40b solar wind passage) from CCATi. 5.40c
is the Enlil diagram
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(a) Planetary pass on 5th March 2012
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(b) Solar Wind pass on 5th March 2012
(c) Enlil: 5th March 2012
Figure 5.41: CCATi and Enlil showing the densities of H+ and O+ for the 5th March
2012 ( 5.41a planetary pass; 5.41b solar wind passage) from CCATi. 5.41c is the
Enlil diagram
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Comparison of predictions by WSA-Enlil to measured densities for Slow Solar
Wind CME 2011-11-15
On the CME predicted on the 14th, the measured density and Enlil prediction are
similar, 52 cm−3 and 50 cm−3 respectively (Table 5.6). The density is at the correct
level but not at the correct time: Measurement derived from CCATi shows the density
increase happened at 2011-11-14T05:45 whereas Enlil predicted the rise at 2011-11-
14T18:00, a discrepancy of 12 hours. At 2011-11-15T06:00 the IMA reports a density
of 5 cm−3 whereas Enlil estimates it at 2 cm−3 in the void. Measurements from CCATi
show the end of the void is at 2011-11-16T05:45 the density is at 7 cm−3. Enlil
suggests the void ends at 2011-11-16T18:00 with a density of 7 cm−3. Again there a
very good match in predicted density but a 12 hour discrepancy in timing.
Slow Wind CME 2011-11-15
Enlil Time CCATi Time
Void Length 2.25
N Before 10 2011-11-14T12:00
N CME 50 2011-11-14T18:00 52 2011-11-14T06:00
N Void 2 2011-11-15T06:00 2 2011-11-15T06:00
N After 7 2011-11-16T18:00 6.5 2011-11-16T06:00
Table 5.6: Properties of the CME on 2011-11-15 predicted by Enlil-WSA
5.13.3 Comparison with Slow and Fast Wind and the CIR in Enlil
The type of the solar wind, (slow or fast) does not appear to affect the Enlil prediction
of density after the CME: it is 2 cm−3. For the fast wind and the slow wind the void
begins immediately after the CME had passed. The duration of decreased density is
roughly the same, 2 days±0.25. There was a second density spike during the CIR
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/ CME interaction event but this could be attributed to a second CME hitting. In
comparison with Enlil, CCATi densities derived from IMA measurements outside the
ionosphere agree well with the simulated results.
5.13.4 Density Void
According to Enlil calculations, the CME launched on the 31st January 2012 was
followed by an unusually long drop in solar wind density, constituting almost a void
(Figure 5.33 DOY 33). This offers a unique opportunity to investigate the response of
the Venusian magnetosphere to a very wide range of solar wind densities, and compare
measurement to predictions. Barabash (2013 personal communication) states that
the CCATi derived velocity is in agreement with that given by the ACE (Advanced
Composition Explorer) spacecraft, so, it can clearly be compared fairly with Enlil
(currently being investigated by Fra¨nz and colleagues (unpubished)). However, it
should be noted the CCATi analysis programme does not deal with IMA densities well
(Barabash, 2013 − personal communication); the difficulties lie with the limitations
of aperture (360 x 90◦) and the angular resolution (22.5◦) compared to the solar wind
spread (5 to 10◦) (Futaana, 2013− personal communication). Therefore, a comparison
between the Enlil model and CCATi density can be problematic.
On the 31st January 2012 the modelled density, at Venus, was∼5 cm−3 and the density
output by the CCATi program for ASPERA-4 IMA returns ∼4 cm−3 (Figure 5.42a),
so they are in reasonable agreement. When the CME arrived at Venus (2012-02-
01T00:00) there was a very large jump in density from ∼4 to 300 cm−3. However,
Enlil predicted a somewhat smaller (but still large) rise from 5 to 50 cm−3. Looking at
Figure 5.26 which shows the CL survey output for the period, there is a gap at 07:49
UT where the jump occurs. Otherwise the maximum density is only 2.5 cm−3 but the
failure could have been due to saturation. According to the Enlil model, after the CME
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Figure 5.42: Top: Hydrogen and oxygen densities during the planetary pass. Bottom: Hydrogen and oxygen densities during the solar
wind pass.
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passed (2012-02-01 at 18:00 UT) there was a void in density. The Enlil density drops
to a low value of ∼2 cm−3 also in agreement with CCATi measurements. However,
comparison between Enlil and the solar wind passage on this occasion reveals that
Enlil over-estimates the velocity by ∼200 kms−1. Overall, it is seen that the quality of
Enlil predictions can vary substantially.
5.14 Comparison between Different CMEs and their
Bow Shock Crossings
Zhang et al. (2004) suggests that the bow shock depends solely on pressure and not on
the density of the solar wind. This Section investigates the accuracy of this claim. A
survey the pressures and density was carry out on the days surrounding and on CMEs.
On those days when a CME occurs the dayside ionosheath passage is typically shorter
in duration by ∼6.5 minutes in the IMA CL image than those without a CME (for
example Figure 5.3). This means the VEX traversed the ionosheath quicker and the
bow shock was more planet-ward. In Figure 5.43 we plot BS positions for 9 cases of
CMEs from 2007, 2011 and 2012 drawn in red. Each CME case has the days on either
side shown as well (in black) for comparison, completing a set of BS observation for
each event. The plot shows the r-x plane and if there any unusual movement of the
BS on those days with a high pressure due to a CME it should be visible when it is
compared with the others. The bow shock shown is the solar minimum shock. For each
crossing boundary the values of pressure and density were compared. When the CMEs
were compared with others from its set (for example; 18th to the 22nd of April, 25th
to 26th May) it was revealed that at the bow shock with a CME was not guaranteed to
have increased density over the non-CME densities. The CMEs produce no systematic
or major difference in bow shock position. Note that this is only sampled once on the
dayside per 24 hours. Solid diamonds are the extended void on 1st February. With the
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exception of the 1st February the CME is situated sunwards. The pressure, density and
velocity seem to remain similar to the other cases. The solar wind pressure was higher
on those days when a CME was present. However, CMEs did not change the position
of the bow shock a substantial amount. The density showed no correlation to the bow
shock. On the CME days the dayside magnetosheath was compressed, the effect was to
move the magnetic pile-up boundary and ion composition boundary sunward. Overall,
no systematic effect due to density changes in the solar wind is observed, in agreement
Figure 5.43: Each type of symbol represents a set of dates surrounding the CME date.
Each RED symbol represents a CME. The solid symbols are the prolonged ‘void’
CME.
∗ 20th and 22nd April 2007.
♦ 25th and 26th May 2007.
× 21st November 2011.
△ 5th November 2011.
 1st February 2012.
 11th February 2012.
+ 5th March 2012.
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with Zhang et al. (2004).
5.15 Conclusions
1. During the 23rd to the 29th of April 2007 Venus was in a region of slow solar
wind. On the 30th there was a change in speed indicating the passage of a co-
rotating interaction region. The density (and c/s) jump on 30th of April confirms
the interface.
2. There is some disagreement as to the arrival times of the 24/25 May 2007 CME
pair at Venus. The first ICME front was set to arrive on 25th at 04:00 UT accord-
ing to Rouillard et al. (2009). The propagation of the ICME was determined
from the white light observations made by the SECCHI HI on STEREO-A.
Whittaker et al. (2010a) estimates its arrival on the 24th at 17:00 UT. Using the
Venus Express instrument ASPERA-4 IMA, the solar wind density (mostly H+
and He++) increases and velocity decreases. Here we propose the first ICME
front arrives on 24th May at 23:00 UT based on magnetic measurements. The
second front was estimated to arrive on 26th at 02:00 UT (Rouillard et al., 2009),
25th at 15:00 UT (Whittaker et al., 2010a) and here we show the arrival time of
26th at 02:30 UT.
3. CMEs are the cause of many different ion features such as the H+ signature
seen on the 22nd April where the hydrogen energy spreads in the ionosphere
(Figure 5.17 page 123). This high energy population in the ionosphere is fre-
quently with CMEs. As the CME sweeps over the planet, more energetic ions
impact Venus leading to more energetic ions leaving Venus and causing O+ ion
pick-up.
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4. The tail fragment of Comet 2P/Encke with the ICME arrived at Venus sometime
between 21st April at 23:05 UT ±40 mins and 22nd April at 09:14 UT ±40
mins. The ICME triggered the production of pick-up ions on the 22nd April,
most likely O+, in the nightside magnetosheath. But, looking at other CMEs (in
2007, 2011 and 2012) for comparison the count rate and energy of the pick-up
ions are not enhanced. The energy pre charge is ∼4 keV/q (O+ pick-up ions)
which is normal for O+ pick-up, falling within the range of∼1 keV/q - 10 keV/q.
5. The solar wind ion velocity does not appear to have any effect on the count rate
of the pick-up ions. There are cases of when the energy is high and the count
rate (c/s) is low; cases when the energy is high and the c/s is a high; cases when
energy is low and is c/s low and energy low and c/s high.
6. In WSA-Enlil there is a predicted density depletion after each CME. The density
drop is to 2 cm−3 no matter what the original density. The event in Figure 5.26
(1st February 2012) also had a density of 2 cm−3. Enlil predicted the density
depletion, making it easier to observe interesting or unexpected events.
7. The density in the model WSA-Enlil cannot be accurately used as a proxy for
density when IMA is not on.
8. The velocity in WSA-Enlil is ∼200 kms−1 different from the data recorded by
CCATi but the changes are consistent. The difference is apparent in all cases.
9. Enlil and APSERA-4 were used to identify nine CMEs (Figure 5.43). These
CMEs were evaluated in density and pressure to see whether the bow shock
was dependent on pressure and not density as previously mentioned in Zhang
et al. (2004). Our results are that the solar wind density is not correlated to
bow shock position. The bow shock position is marginally effected by the solar
wind pressure, with the bow shock moving more planetward with the arrival of
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a CME. The dayside magnetosheath is more compressed, on those days when a
CME occurs the dayside ionosheath passage is typically shorter in duration by
∼6.5 minutes in the IMA CL image than those without a CME.
10. There does not appear to be any difference in the velocity or density when a slow
stream CME strikes Venus, or an interaction region (CME / CIR) CME strikes
Venus. The CME originating in the slow and the CIR winds takes longer to pass
over Venus. However only three cases, one for the slow wind, one for the fast
wind and one for a CME / CIR were studied.
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Conclusions
6.1 Chapter 3: Flux Ropes
In this Chapter the primary focus were flux ropes; brief excursions from the back-
ground magnetic field. Data from ASPERA-4 IMA, ELS and MAG was used for this
research. The dates are from 2006 and during this time the Sun is at solar minimum;
the period of least solar activity.
In the ionosphere there are two broad states of magnetization; one is magnetized
where the magnetic field penetrates the ionosphere and lowers the ionopause. The
other case is where the magnetic field is largely absent in the ionosphere, namely the
non-magnetic case. In 2006 the case of the magnetization state of the ionosphere is
non-magnetic.
During 2006 the magnetic data indicates a small number of flux ropes. These flux
ropes have an inverse relationship between diameter and altitude, since when the flux
ropes sink deeper into the ionosphere they get bigger due to pickup of the surrounding
neutrals via photoionisation. As the flux rope decreases in altitude the SZA increases;
thus when the ropes sink they drift anti-sunwards over the terminator. As the flux ropes
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reduce in altitude the apparent weight increases again due to photoionisation.
Altitude ∝∼
1
Diameter
(6.1)
Altitude ∝∼
1
SZA (6.2)
Altitude ∝∼
1
ωapp
(6.3)
On occasion a double-population with two components, a high energy component
which has a resemblance to the solar wind distribution and, a low energy component
which has a planetary signature, are seen in the vicinity of flux ropes. However, there is
no causal relation between flux ropes and the occurrence of two (or more) populations
of ions. Thus double-populations are far more likely to be caused by a movement of
the ICB within the accumulation period of the IMA instrument.
Within the limited catalogue of flux ropes (given by Wei H.Y.) there is no preference
for force-free or non-force-free (as indicated by dips in the pressure). However, all of
the ropes are above ∼300 km altitude unlike the results of Ledvina et al. (2002) where
it was found that flux ropes below altitude below 250 km are force-free.
Minimum variance analysis of magnetic fields (MVAB) is 50% accurate at finding the
normal to the flux rope. This was better than maximum variance analysis of electric
fields (MVAE) which was 11.54% accurate at finding the normal.
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6.2 Chapter 4: Boundary Locations & Transition
Parameter
In Chapter 4 the plasma boundaries were examined; the bow shock, the magnetic pile-
up boundary (MPB) and the ion composition boundary (ICB). Each of these bound-
aries are subject to the solar wind variations,and their positions are highly variable.
Several automatic methods of searching for the bow shock (BS) were tried utilizing
the magnetometer (MAG) and the Electron Spectrometer on the Analyser of Space
Plasmas and Energetic Atoms (ASPERA-4 ELS). An algorithm was developed to deal
with the large data sets, 1st January to 31st December 2007, at solar minimum, and 1st
June 2011 to 31st April 2012 at solar maximum. Solar minimum and maximum could
be compared using the same methods.
The best method of bow shock recognition in 2007 is with the electron pressure and
the noise reduction method (Chapter 4 Section 4.3.1). However, the best method of
bow shock recognition with the transition parameter is the 5-jump method (Chapter 4
Section 4.4.2). The transition parameter method relies on recognising the rise in
temperature and density, which works well on the dayside. However the transition
parameter method does not work for the nightside bow shock due to the absence of
a rise in temperature profile. The 2007 bow shock was best analysed using a method
combining both 5-jump transition parameter (on the dayside) and the noise reduction
method on the nightside. In 2011/2012 the best fit was obtained using the noise
reduction method. The bow shock is closer to Venus during 2007, which was solar
minimum, than it is during 2011 which was solar maximum. This method yielded
1.29 Rv for solar minimum (2007) and 1.285 Rv for solar maximum (2011), which
is very similar. However, using the spatial probability distribution method developed
by Whittaker (2010) the bow shock is 1.25 Rv (2007) and 1.36 Rv (2011). Overall,
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both the transition parameter and the spatial probability distribution methods give a
reasonable estimate of the Venusian bow shock.
Although, the magnetic pile-up boundary and the ion composition boundary, in general
occur within the same IMA full-3D scan (192 second) measurement period as seen by
Bo¨ßwetter et al. (2004), we are able to separate them using subsets of the scan pattern.
The histogram of the distances between the MPB and ICB has been confirmed by
superposed epoch analysis. In the region of space before the ICB (ionosheath) it is
observed that hydrogen and helium are seen in larger concentrations than oxygen:
O+ < He+ ≪ H+. The constraint of more oxygen ions than hydrogen ions (O+ >
H+) seems to work well for ICB definition and in the ICB itself oxygen becomes the
largest constituent: O+ ≫ He+, H+. In the ionosphere (post-ICB) oxygen remains the
largest constituent
6.3 Chapter 5: Solar Wind Events
This Chapter has examined different solar wind transient events in 2007, 2011 and
2012.
1. Co-rotating Interaction Region (CIR) during April / May 2007.
2. The passage of 2P/Encke on the 22nd April 2007.
3. Nine Coronal Mass Ejections (CMEs) in 2007, 2011 and 2012.
On the 30th April there was a density compression which is indicative of a fast solar
wind / slow solar wind interface. This matches up with observations of Dorrian et al.
(2010) and Whittaker et al. (2010a).
The passage of 2P/Encke coupled with a CME is marked by a distinct rise of heavier
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elements from the comet (≥ O+) mixing with the solar wind, mass loading it both at
apoapsis and periapsis.
CMEs are associated with many different ion features such as the H+ signatures as
seen on 22nd April where the hydrogen energy spreads in the ionosphere (Figure 5.17
page 123). This high energy population in the ionosphere is frequently with CMEs.
This particular H+ signature cannot be explained as H+ pick-up, as it occurs too soon in
the ionosphere near the noon-midnight terminator not near the nightside. As the CME
sweeps over the planet, more energetic ions impact Venus leading to more energetic
ions leaving Venus and causes ≥ O+ pick-up. However, the ion velocity does not
appear to have any effect on the count rate of the pick-up ions. There are cases when:
1. The velocity is high and the count rate (c/s) is low.
2. The velocity is high and the c/s is a high.
3. The velocity is low and the c/s low.
4. and velocity is low and c/s is high.
Once the CME has passed over Venus, the planet is encased in a density depleted
region as predicted by WSA-Enlil. However, the Enlil code is not a reliable proxy for
density when IMA is not operating. There does not appear to be any difference in the
velocity or density measured when a CME strikes Venus, regardless of whether is is a
slow stream CME or an interaction region (CME / CIR) CME. The CME originating
in the slow and the CIR winds takes longer to pass over Venus. However, only three
cases, one for the slow wind, one for the fast wind the one for a CME / CIR were
studied. CMEs are often the cause of ion pick-up. The ion pick-up interval is often
accompanied by sharp magnetic rotations, each rotation lasting only a few seconds.
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Enlil and APSERA-4 were used to identify nine CMEs. These CMEs were evaluated
in density and pressure to see whether the bow shock was dependent on pressure and
not density as previously mentioned in Zhang et al. (2004). Our results are that the
solar wind density is not correlated to bow shock position. The bow shock position
is marginally effected by the solar wind pressure, with the bow shock moving more
planetward with the arrival of a CME. The dayside magnetosheath is more compressed,
on those days when a CME occurs the dayside ionosheath passage is typically shorter
in duration by ∼6.5 minutes in the IMA CL image than those without a CME.
6.4 Further Work
More work can be conducted using the solar weather prediction programme WSA-
Enlil in conjunction with the real time instruments STEREO and VEX. Enlil could be
used to discover potential CMEs in different years and solar cycles, STEREO HI to
determine whether there was a CME as predicted and whether the CME could interact
with Venus, and then by using VEX IMA to assess the effect of the CME at Venus. The
effect of CMEs upon flux rope production could be investigated with a comprehensive
list of CMEs striking Venus.
The transition parameter could be extended to the nightside by using some other
parameters, the electron density (Ne) and temperature (Te) were chosen as they were
utilised in Bryant and Riggs (1989) but others such as, the magnetic pressure (Pb) and
electron pressure (Pe) or Pb and Ne may be more feasible at Venus where the tempera-
ture profile is not significant toward the nightside. The difference in the effectiveness
of the transition parameter in detecting the bow shock on the day and night sides may
represent a difference between parallel and perpendicular shocks (see Figure 1.8). A
future study would involve testing this possibility and relating the transition parameter
172
6.5. FINAL REMARKS
signatures to these conditions. Future work should concentrated on the value of v
derived from the ion data.
6.5 Final Remarks
The Venusian plasma environment is very dynamic, and it is prone to changes in solar
output such as; solar maximum / minimum, CMEs, comets and co-rotating interaction
regions. Each affects the plasma boundaries namely the bow shock, MPB and ICB
and provokes different responses in the ionosheath and ionosphere. The bow shock
has a cyclical response to maximum and minimum conditions. CMEs caused there to
be more high energy light particles to be present in the ionosphere and caused more
ion pick-up. Venus, under the influence of 2P/Encke, which was mass loaded with
heavier particles had a contracted ionosheath, with the bow shock much closer to the
ionosphere.
Venus has two main magnetic states, unmagnetised and magnetised. In a magnetised
ionosphere there is a high solar wind pressure and a lower altitude ionopause (∼250
km). The thickness of the ionopause is ∼80 km. When the solar wind pressure is
low, the altitude of the ionopause is higher (∼450-500 km) and its thickness is reduced
(∼20 km). The unmagnetised state is more likely to have flux ropes. Flux ropes drifted
anti-sunward and became less buoyant with time spent in the ionosphere, due to more
accumulated pickup of the surrounding neutrals via photoionisation. Therefore it is
likely to contribute to the planetary inventory of ions.
A new use of the transition parameter was put forward; to aid with boundary place-
ment. The bow shock was located with an automatic algorithm and this was then
compared with previous models, giving a sense of Venus reaction to solar activity.
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The ion composition boundary and the magnetic pile-up boundary are also located.
No significant difference in the position of the bow shock between solar maximum
and solar minimum was observed. The MPB was always outside the ICB, although in
general by less than one IMA accumulation period.
Over the lifetime of Venus Express many discoveries have been made including the
significant loss of ions though the plasma wake (Barabash et al., 2007), lightning on
Venus (Russell et al., 2007) and the condition of the solar wind and magnetic field
(Zhang et al., 2007). It is hoped that the work presented in this thesis will deepen the
knowledge about Venus magnetosphere, and the factors which control it.
174
Figure 6.1: ‘It’s time’ by Jorge Cham
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APPENDIXA
Glossary
ASPERA Analyzer of Space Plasmas and EneRgetic Atoms
BS Bow Shock
CIR Co-rotating Interaction Region
CME Coronal Mass Ejection
DE Disconnection Event
ELS Electron Spectrometer
ENA Energetic Neutral Atom
EMCr Mass-Energy-Count Rate
ETCr Energy-Time-Count Rate
eTP Electron Transition
ESA Elelctrostatic Analyser
ICB Ion Composition Boundary
IMA Ion Mass Analyser
IMF Interplanetary Magnetic Field
iTP Ion transition
IQR Interquartile range
FR Flux Rope
MAG Magnetometer
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MEX Mars EXpress
MPB Magnetic Pile-up Boundary
MPR Magnetic Pile-up Region
MVAB Minimum Variance Analysis of Magnetic Fields
MVAE Minimum Variance Analysis of Electric Fields
NPD Neutral Particle Detector
NPI Neutral Particle Imager
NR Noise Reduction
PVO Pioneer Venus Orbiter
Rv Venusian Radii
SEA Superposed Epoch Analysis
SW Solar Wind
SPD Spatial Probability Distribution
SECCHI Sun Earth Coronal and Heliospheric Investigation
STEREO HI Solar Terrestrial Relations Observatory Heliospheric Imager
SZA Solar Zenith Angle
TP Transition Parameter
VEX Venus EXpress
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